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Resumo
No contexto da Mecânica Quântica de Sistemas Abertos analisamos nesta tese um modelo
para descoerência quântica em oscilação de neutrinos na matéria para o caso de oscilação em
três famílias, considerando os experimentos KamLAND e DUNE.
Revisamos o formalismo de matriz de densidade e como ele pode ser utilizado para estudar
um subsistema de neutrinos interagindo com o meio, mostrando como o efeito de descoerência
surge em tal contexto e como ele afeta as probabilidades de oscilação.
Usando um teste de 𝜒2 para analisar KamLAND, e o pacote GLoBES para analisar DUNE,
determinamos o potencial de tais experimentos para obter limites para os parâmetros usados na
descrição de descoerência, e para o caso de DUNE, mostramos como diferentes configurações
desse experimento poderiam afetar os limites atingíveis para os parâmetros. Na análise de
KamLAND obtivemos novos limites para o parâmetro que chamamos de 𝛾, considerando os
dados mais recentes de KamLAND. A partir da dependência com a energia dada por 𝛾 =
𝛾0 (𝐸/𝐸0)𝑛, em 95 % C.L., obtivemos os limites 3.7 × 10−24 GeV para 𝑛 = −1, 6.8 × 10−22
GeV para 𝑛 = 0, e 1.5 × 10−19 GeV para 𝑛 = 1 na dependência com a energia, para 𝐸0 = 1
GeV. Usando DUNE como estudo de caso oferecemos uma interpretação física para um novo
pico que surge na probabilidade de aparecimento de 𝜈𝑒 com descoerência, e os resultados de
sensitividade encontrados para os parâmetros de descoerência foram Γ21 ≤ 1.2 × 10−23 GeV e
Γ32 ≤ 7.7 × 10−25 GeV em 90% C. L.
Abstract
In the framework of Open Quantum Systems we analysed in this thesis a model for quan-
tum decoherence in neutrino oscillations in matter for three neutrino families, considering the
experiments KamLAND and DUNE.
We review the density matrix formalism and how it is used to study a neutrino subsystem
interacting with an environment, showing how the decoherence effect can emerge in this context
and how it affect the oscillation probabilities.
Using a 𝜒2 Test to analyse KamLAND and the GLoBES package to analyse DUNE we
determine the potential of such experiments to find limits for the parameters that descibe
decoherence, and in the case of DUNE we show how different configurations for this experiment
could affect the attainable limits for the parameters. In the KamLAND analysis we found new
limits for the decoherence parameter which we call 𝛾, considering the most recent data by
KamLAND. From the energy dependence 𝛾 = 𝛾0 (𝐸/𝐸0)𝑛, at a 95 % C.L., we found the limits
3.7 × 10−24 GeV for 𝑛 = −1, 6.8 × 10−22 GeV for 𝑛 = 0, and 1.5 × 10−19 GeV for 𝑛 = 1 on
the energy dependence using 𝐸0 = 1 GeV. Taking DUNE as a case study we offer a physical
interpretation for a new peak that arises at the 𝜈𝑒 appearance probability with decoherence,
and the sensitivity results found for the decoherence parameters are Γ21 ≤ 1.2 × 10−23 GeV and
Γ32 ≤ 7.7 × 10−25 GeV at 90% C. L.
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The field of particle physics has seen in the last decades a lot of experiments which aimed
to increase the precision of our descriptions of nature, and between those experiments we can
highlight neutrino experiments (for example [1–8]). After the construction of LHC at CERN the
Deep Underground Neutrino Experiment (DUNE) [9–13] is expected to be one of the biggest
experiments in particle physics, and its main goal is to determine experimentally the parameters
used in the neutrino description which are still unknown, and also to improve the precision for
the already measured parameters.
Although neutrino physics in its standard three family scenario presents a good agreement
with experimental data it is well known that there are still questions without answers, and so
there is still room for improvement. One of the ways in which neutrino physicists try to improve
the neutrino description relies on the fact that the usual Quantum Mechanics framework used
in that description does not consider an interaction between the system and the environment,
and a theory which aims to change that is the theory of Open Quantum Systems [14–16].
Open Quantum Systems can be used to study a wide range of physical systems, and in the
case of neutrinos there are already some models which consider the inclusion of an interaction
between a subsystem of interest and a reservoir [17–38]. Such interaction leads to modifications
in the oscillation probabilities, and one of the main differences that arise is the Quantum
Decoherence effect.
Decoherence is an effect in which quantum interference is altered by the interaction with
the environment, changing the quantum superpositions and eventually leading the states to a
statistical mixture [15, 16, 39]. It also appears linked to other fields of physics, and one of the
best examples is the study of decoherence and dissipation by the so called Caldeira-Leggett
model [40], but here in this work we focus on its consequences to neutrino physics. It is
important to point out that in this work we will study only the decoherence effects which arise
in the framework of Open Quantum Systems, we will not adress decoherence effects from wave
packet separation (see for example Ref. [41]), which are already present within usual Quantum
Mechanics. Another important effect that arises in quantum open systems is the so called
Relaxation Effect [31,34], where only terms dependent on mixing parameters are affect by the
coupling with the environment, while the terms dependent on the quantum interference remain
unaltered, leading to flavor convertion but not to quantum decoherence.
In this thesis we are going to present a work in which we aim to determine the potential of
neutrino experiments to find limits for the parameters that describe quantum decoherence in
neutrino oscillations. The experiments considered here will be the Kamioka Liquid-scintilator
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Anti-neutrino Detector (KamLAND) [1], an experiment located in Japan which is sensible to
the neutrino parameters Δ𝑚221, 𝜃12 and 𝜃13, and the Deep Underground Neutrino Experiment
(DUNE) [9–13], which is being built in USA and aims to determine the value of 𝛿𝐶𝑃 , the 𝜃23
octant, the neutrino mass ordering, and improve the precision in the determination of the other
oscillation parameters. Both experiments, KamLAND and DUNE, detect neutrinos which cross
part of the Earth crust, and so are sensible to the so called matter effects, which affect the
neutrino description, as will be described in more detail later on.
To present the development of this work we start by reviewing vaccum neutrino oscillations
and the formalism of Open Quantum Systems in Chapter 2, where we present the Density
Matrix formalism and how to use it in the study of the time evolution of a subsystem interacting
with an environment.
We show how one can apply the Density Matrix formalism for Open Quantum Systems to
the case of neutrino oscillations in Chapter 3. We consider both oscillations in two and in three
neutrino families, presenting several oscillation probabilities and showing how they are altered
by the interaction with the environment, in particular presenting the decoherence effect.
We proceed in Chapter 4 with the description of the neutrino experiments considered in
this work (KamLAND and DUNE) and also with the methods of analysis used, begining with
the 𝜒2 Test used to analyse KamLAND, and presenting the General Long Baseline Experiment
Simulator (GLoBES) [42,43], used in the analysis of DUNE.
In Chapter 5 we present the results obtained, showing sensitivity results for the decoherence
parameter according to the KamLAND analysis and also presenting two possible results ob-
tained in the DUNE analysis, where we use two different configurations for the neutrino fluxes in
the experiment, with the goal to give more information about how this possible configurations
could affect the study of the decoherence effect over neutrino oscillations. Although presented
both in Chapter 5, such results are in fact two separate works about decoherence, having been
also presented in the papers Parameter Limits for Neutrino Oscillation with Decoherence in
KamLAND [26] and Quantum Decoherence Effects in Neutrino Oscillations at DUNE [28]. In
Chapter 6 we make our final considerations and present the future perspectives of this work.
We hope that this thesis can give a good overview of the subject and can also contribute to the
understanding of some aspects of neutrino physics.
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Chapter 2
Neutrinos and Open Quantum Systems
In this chapter we are going to present the theoretical framework used in this thesis. First
we present a quick review of neutrino physics and oscillations in vacuum in the framework of
usual Quantum Mechanics, and then we proceed with the study of the density operator and
how it can be used to study Open Quantum Systems, particularly in the case of two and three
neutrino families
2.1 Neutrino Physics
Neutrinos are neutral fermions which interact only via the weak force. Historically, they
were first proposed by Wolfgang Pauli in 1930 (referred at the time as neutrons) in order to
explain the continuous spectrum of beta rays, discovered by J. Chadwick in 1914 (for more
details, see Ref. [44]). After the discovery of the neutron as we know it today [45] (also made
by J. Chadwick in 1932) the particle proposed by Pauli was renamed as neutrino by Enrico
Fermi in 1933 (in a relation to de diminutive of neutron in italian), he also concluded that the
neutrino was massless [46]. Nevertheless, neutrinos were actually discovered only in 1956, in an
experiment by Cowan and Reines [47], when they used a large amount of liquid scintillators to
detect antineutrinos from a nuclear reactor, and such discovery was rewarded with the Nobel
Prize in 1995 (only to Reines, since Cowan had already passed away).
The next big step in the history of neutrinos was the proposition by Bruno Pontecorvo in
1957 of so called neutrino oscillations, inspired by oscilations in kaons’ systems [48], although
a more complete version of the theory was only developed between 1975 and 1976 [49]. The
experimental verification of the neutrino oscillations was a big discovery, since they were very
important to show that neutrinos have mass, which contradicted the Standard Model, and the
experiments that led such process were Super-Kamiokande [50] through atmosferic neutrinos,
and SNO [51] (Sudbury Neutrino Observatory) through solar neutrinos, which also verified the
Mikheev–Smirnov–Wolfenstein (MSW) resonance convertion effects in the Sun [52–54]. The
scientists responsible for Super-Kamiokande and SNO received the Physics Nobel Prize in
2015.
2.1.1 Neutrino Oscillations in Vacuum
In this section we present a general overview of neutrino oscillations using usual Quantum
Mechanics (when there is no coupling with the environment) in order to introduce some concepts
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which will be important through the entire thesis. More details of neutrino oscillations in specific
cases will be presented in Chapter 3.






where 𝑈𝛼𝑘 is an element of the so called mixing matrix, which will be defined for two and
three neutrino families in Chapter 3. The terms |𝜈𝑘⟩ describe massive neutrino states and are
eigenstates of the Hamiltonian (𝐻):
𝐻|𝜈𝑘⟩ = 𝐸𝑘|𝜈𝑘⟩, (2.1.2)








|𝜈𝑘(𝑡)⟩ = 𝐻|𝜈𝑘(𝑡)⟩ (2.1.4)
we get the evolution of the mass eigenstates as plane waves:
|𝜈𝑘(𝑡)⟩ = 𝑒−𝑖𝐸𝑘𝑡|𝜈𝑘⟩. (2.1.5)
From Eq. (2.1.1) and Eq. (2.1.5) we can write the time evolution of a given state created






with |𝜈𝛼(𝑡 = 0)⟩ = |𝜈𝛼⟩.
From the unitary relation
𝑈 †𝑈 = 1 ⇔
∑︁
𝛼
𝑈*𝛼𝑘𝑈𝛼𝑗 = 𝛿𝑗𝑘 (2.1.7)
we can invert Eq. (2.1.1):
|𝜈𝑘⟩ = 𝑈𝛼𝑘|𝜈𝛼⟩, (2.1.8)










In Eq. (2.1.9) we can see that the initially pure neutrino flavor eigenstate |𝜈𝛼(𝑡)⟩, which is a
superposition of mass eigenstates, becomes a superposition of different neutrino flavor states at
𝑡 > 0 if the mixxing matrix 𝑈 is not diagonal. We can get the transition probability between
two neutrino flavors 𝜈𝛼 → 𝜈𝛽 from:









Considering ultrarelativistic neutrinos we can approximate the relation in Eq. (2.1.3) by:
𝐸𝑘 ≃ 𝐸 +
𝑚2𝑘
2𝐸 , (2.1.11)
from which we can get:
𝐸𝑘 − 𝐸𝑗 ≃
Δ𝑚2𝑗𝑘
2𝐸 , (2.1.12)
where Δ𝑚2𝑗𝑘 ≡ 𝑚2𝑘 − 𝑚2𝑗 is the squared-mass difference, and 𝐸 = |𝑝| is the neutrino energy














Considering now that ultrarelativistic neutrinos almost at the speed of light we can approx-
imate 𝑡 = 𝐿, where 𝐿 is the distance of propagation of the neutrinos (or the so called baseline





























And considering the unitary relation:



















which can be used to write the transition probability as:






















As we can see from Eq. (2.1.18) the neutrino oscillation probabilities can be used to obtain
information about the parameters used in the neutrino oscillation, such as the mixing matrix
19
elements 𝑈𝛼𝑘 (which are dependent on the so called mixing angles and CP phase, as will be
shown in Chapter 3) and the squared-mass differences Δ𝑚2𝑗𝑘, but we still cannot know the
absolute value of the neutrino masses. Another still unknown information is the so called
Mass Hierarchy for three neutrino families, which is related to the ordering of the neutrino
masses, which can be Normal Hierarchy (NH): 𝑚1 < 𝑚2 < 𝑚3, or Inverted Hierarchy (IH):
𝑚3 < 𝑚1 < 𝑚2 as represented in Fig.2.1. For more details on standard neutrino physics we
recommend Ref. [55].
Figure 2.1: Representation of Normal Hierarchy (NH) and Inverted Hierarchy (IH) of the
neutrino masses, taken from Ref. [56]
2.2 Density Matrix
As already mentioned before, the ultimate goal of this work is to consider the inclusion of an
interaction between the subsystem of interest and an environment. This interaction may lead
pure states into mixed states, which in turn can be conveniently described using the density
matrix formalism.




𝜆𝑛 |𝜓𝑛 ⟩ ⟨𝜓𝑛 | , (2.2.1)
where 𝜆𝑛 ≥ 0 for every 𝑛, and
∑︁
𝑛
𝜆𝑛 = 1 for normalized states.
From this definition, it can be shown that the density operator has some properties that
are always valid [57], which are:
1: The density operator is hermitian:
𝜌 = 𝜌†. (2.2.2)
2: The trace of the density operator is equal to one:
Tr𝜌 = 1. (2.2.3)
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3: The density operator is positive:
Given a state |𝜑⟩, we have:
⟨𝜑|𝜌|𝜑⟩ ≥ 0 (2.2.4)
for all 𝜑.
Being positive also means that, if 𝜆𝑖 are the eigenvalues of 𝜌, then 𝜆𝑖 ≥ 0 for all 𝑖.
This operator will be represented by a hermitian matrix:
𝜌 =
⎛⎜⎜⎜⎝
𝜌11 𝜌12 ... 𝜌1𝑗
𝜌21 𝜌22 ... 𝜌2𝑗
... ... ... ...
𝜌𝑖1 𝜌𝑖2 ... 𝜌𝑖𝑗
⎞⎟⎟⎟⎠ . (2.2.5)
In this formalism, the expected value of an operator 𝐴 is given by:
⟨𝐴⟩ = Tr{𝜌𝐴}, (2.2.6)
and the time evolution of the density operator is defined by the Liouville Equation, which here
is in natural units:
𝑑
𝑑𝑡
𝜌(𝑡) = −𝑖[𝐻, 𝜌(𝑡)], (2.2.7)
where 𝐻 is the system’s Hamiltonian.
It is important to point out that the Liouville Equation gives the time evolution of the
global system density operator, so the Hamiltonian must be that of the global system. In the
way we presented it so far, the Liouville Equation works as in usual Quantum Mechanics [15].
Given that we will study a global system which will be divided in a subsystem of interest
and an enviroment in the development of our study we will denote the subsystem of interest
by S, the enviroment by R.
The Hilbert Space of the global system will be the coupling between the Hilbert Space of
the system of interest and the Hilbert Space of the enviroment: ℋ𝒮 ⊗ ℋℛ.
The goal here is to obtain information only from the subsystem of interest.
Our enviroment will be defined as a thermal reservoir at a given temperature, and we define
our global initial state as made by noncorrelated states:
|𝜓 ⟩ = |𝜑𝑆 ⊗ 𝜑𝑅 ⟩ = |𝜑𝑆𝜑𝑅 ⟩ . (2.2.8)
Writing our global state in terms of the density operator we have:
𝜌𝑆+𝑅 = 𝜌𝑆 ⊗ 𝜌𝑅. (2.2.9)
To obtain information only of our subsystem of interest we can apply an operation called
Partial Trace, in which we make a sum over all the enviroment states.
The definition of Partial Trace in the given case is:
TrR [𝜌𝑆+𝑅] = TrR [𝜌𝑆 ⊗ 𝜌𝑅] = 𝜌𝑆, (2.2.10)





where {|𝑣𝑝⟩} is an orthonormal basis of ℋℛ and {|𝑢𝑛⟩} is an orthonormal basis of ℋ𝒮 (for more
details see Refs. [15,57,58]).
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2.3 Time Evolution in Open Quantum Systems
As already mentioned, in order to use the Liouville Equation to study the time evolution
of our system it is important to consider the global system, or in other words, that we include
the subsystem of interest and also the environment. Hence, we must have:
𝑑
𝑑𝑡
𝜌𝑆+𝑅(𝑡) = −𝑖[𝐻𝑡𝑜𝑡, 𝜌𝑆+𝑅(𝑡)]. (2.3.1)
The operator evolved in time is then represented by the following transformation:
𝜌𝑆+𝑅 → 𝜌𝑆+𝑅(𝑡) = 𝑈𝜌𝑆+𝑅(0)𝑈 †, (2.3.2)
where 𝑈 = 𝑒−𝑖𝐻𝑡𝑜𝑡𝑡 when the Hamiltonian of the global system is time-independent.
When we consider the time evolution only of our subsystem of interest, we look for a
transformation like the following:
𝜌𝑆 → 𝜌𝑆(𝑡) ≡ Λ𝜌𝑆 = TrR(𝑈(𝜌𝑆 ⊗ 𝜌𝑅)𝑈 †), (2.3.3)
which is a transformation regarding what we call the reduced dynamics of the subsystem 𝑆.
In the equation above we used the Partial Trace to get information about the time evolution
of the subsystem of interest only.
As was said before, the Liouville Equation does not hold for the subsystem 𝑆, but it is
possible to find an equation for the time evolution of the subsystem.
The derivation of the equation for the reduced dynamics of 𝑆 will not be done here, but it
can be found in Ref. [15] where it is assumed that the coupling between the environment and the
subsystem of interest is weak enough in order to be possible to apply a Markov approximation,
which neglects the so called memory effects [58].
In the case of neutrino oscillations, which is the case we are going to study, it is reasonable
to assume that the coupling between the subsystem and the environment is weak, since we
know that the usual model of neutrino oscillations (from usual Quantum Mechanics) already
describes well the experimental data, and so, if there is an effect that arises from the coupling
with the environment, this effect must be small.













where N is the dimension of the Hilbert space of the subsystem of interest, and 𝑉𝑘 are the op-
erators responsible for the interactions between the subsystem of interest and the environment.
In this equation we see a Hamiltonian term, which is equal to the one we have on Eq. (2.2.7),
the Liouville Equation, but we also have a non-Hamiltonian term, which appears because we
are dealing with an open system, different from what we have in usual Quantum Mechanics,












we can rewrite the Lindblad Equation as
𝑑
𝑑𝑡
𝜌(𝑡) = −𝑖[𝐻, 𝜌] +𝐷[𝜌(𝑡)]. (2.3.6)
The non-Hamiltonian term 𝐷 will be referred here from now on as the dissipator.
It is important to point out that the definition of the dissipator given by Eq. (2.3.5) comes
from the imposition of complete positivity, which is achieved when the operator continues to
be positive during the entire time evolution of the coupled systems, and it must be followed in
order to preserve the physical interpretations of the evolved density operator of the subsystem
𝜌(𝑡) [17, 61]
We will impose on equation (2.3.6) that the entropy increases with time. Using the Von
Neumann entropy 𝑆 = −Tr[𝜌 ln 𝜌] it is possible to show that this condition leads to restrictions
on the operator 𝑉𝑘, in particular we see that it must be hermitian [62].
Assuming that the enviroment has a big number of degrees of freedom, and that it is at a
reference temperature, we can assume that its entropy will not change with time. Therefore,
imposing that the entropy of the global system increases with time, we can consider that only
the entropy of the subsystem of interest will increase with time. So we see that the dissipator
would evolve a pure state to a state of maximal mixture asymptotically.
In the following sections The Lindblad Master Equation will be used to study neutrino
oscillations in different specific cases, and in each one we will choose a convenient parameteri-
zation for the dissipator, always making sure that the conditions necessary to keep the physical
interpretation of the density operator are obeyed.
2.3.1 Two Neutrino Families
Since in the simplest examples we consider neutrino oscillations in two families, we will now
present the expansion for the Lindblad Equation in the basis of 𝑆𝑈(2) matrices, which are the






















The Pauli Matrices 𝜎𝑖, 𝑖 = 1, 2, 3 obey the commutation rule:
[𝜎𝑖, 𝜎𝑗] = 2𝑖𝜖𝑖𝑗𝑘𝜎𝑘. (2.3.8)
A given 2×2 matrix 𝑀 of 𝑆𝑈(2) can be expanded as:
𝑀 = 𝑀𝜇𝜎𝜇, (2.3.9)




where the sum over repeated sub-indices is implied.
Using the equations (2.3.7) - (2.3.9), above, we can see that for the Hamiltonian term we
have a parameterization which has a form of an antisymmetric matrix:
−𝑖[𝐻, 𝜌(𝑡)] = 2𝜖𝑖𝑗𝑘𝐻𝑖𝜌𝑗𝜎𝑘. (2.3.11)
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And expanding the 𝑉𝑘 operators in Eq. (2.3.5) as 𝑉𝑘 = 𝑎(𝑘)𝑝 𝜎𝑝 (with sum over repeated














𝜌𝑛𝜎𝑚 = 𝐷𝑚𝑛𝜌𝑛𝜎𝑚, (2.3.12)
(since, as will be shown later in this section, 𝐷𝜇0 = 𝐷0𝜈 = 0). From Eq. (2.3.12) one can see
that the dissipator must be a symmetric matrix, such that the dissipative matrix 𝐷𝑚𝑛 can have
the following parameterization in the current case:
𝐷𝑚𝑛 = −
⎛⎜⎝ 𝛾1 𝛼 𝛽𝛼 𝛾2 𝛿
𝛽 𝛿 𝛾3
⎞⎟⎠ . (2.3.13)
Since 𝜌(𝑡) is a density operator, all of the properties of a density operator must hold for 𝜌(𝑡),
and since the dissipative matrix 𝐷𝑚𝑛 is one of the terms of 𝜌(𝑡), we must impose the properties
of a density operator to 𝐷𝑚𝑛.
As we said in the first section of this chapter, the density operator has the following prop-
erties:
1. The density operator is hermitian.
2. Its trace is equal to one: Tr𝜌 = 1.
3. The density operator is positive. Which means that, given a state |𝜑⟩, we have that
⟨𝜑|𝜌|𝜑⟩ ≥ 0 for all 𝜑.
Therefore, the matrix 𝐷𝑚𝑛 must also be hermitian and positive. Hence, it must obey the
following inequalties [17, 31]:
𝑅𝑆𝑇 ≥ 2𝛼𝛽𝛿 +𝑅𝛼2 + 𝑆𝛽2 + 𝑇𝛿2, (2.3.14)
where
2𝑅 ≡ 𝛾1 + 𝛾2 − 𝛾3 ≥ 0 ; 𝑅𝑆 − 𝛼2 ≥ 0
2𝑆 ≡ 𝛾1 + 𝛾3 − 𝛾2 ≥ 0 ; 𝑅𝑇 − 𝛽2 ≥ 0
2𝑇 ≡ 𝛾2 + 𝛾3 − 𝛾1 ≥ 0 ; 𝑆𝑇 − 𝛿2 ≥ 0.
(2.3.15)
With the conditions (2.3.14) and (2.3.15) above, the dissipative matrix Eq. (2.3.13) will be
hermitian and positive except for the minus sign that comes from the comutation relations in
the non-Hamiltonian term.
We still need to verify the necessary conditions for Tr𝜌(𝑡) = 1. This condition is related to
the normalization of the sum of the probabilities of all the posssible states.
If we want the number of states to remain equal during the entire time evolution, we must
impose the conservation of the probability, which is done by imposing Tr[?̇?(𝑡)] = 0. Applying
this condition to both sides of the Lindblad Master Equation, we have, for the left side:
𝑑
𝑑𝑡
Tr𝜌(𝑡) = Tr[𝜌𝜇𝜎𝜇] = 0 ⇒ 𝜌0 = 0. (2.3.16)
So, we see that we must always have 𝜌0(𝑡) = 𝜌0(0).
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And for the right side:
Tr[?̇?(𝑡)] = Tr[2𝜖𝑖𝑗𝑘𝐻𝑖𝜌𝑗𝜎𝑘 + 𝜌𝜈𝐷𝜇𝜈𝜎𝜇]. (2.3.17)
Since Tr[𝜎0] = 2, from the equation (2.3.17) above, we have:
2𝜌𝜈𝐷0𝜈 = 0 ⇒ 𝐷0𝜈 = 0. (2.3.18)
Because 𝜌𝜈 is arbitrary, real, and positive.




𝜌𝜇(𝑡)𝜎𝜇 = 2𝜖𝑖𝑗𝑘𝐻𝑖𝜌𝑗(𝑡)𝜎𝜇𝛿𝜇𝑘 +𝐷𝜇𝜈𝜌𝜈𝜎𝜇, (2.3.19)
with 𝐷𝜇0 = 𝐷0𝜈 = 0, where 𝐷0𝜈 = 0 comes from the condition of conservation of probaility,
and 𝐷𝜇0 = 0 because we chose a symmetric parametrization for the dissipator.
Equation (2.3.19) will be used to obtain new neutrino oscillation probabilities, considering
different forms of the dissipator which obey the conditions (2.3.14) and (2.3.15) above.
Since it was derived considering the inclusion of the environment, different from what is
done in usual Quantum Mechanics, we will find oscilation probabilities which are different from
the one we know for the case of oscillation in two families. The ultimate goal of this work is to
use the new probabilities in a study with experimental data and verify their validity.
2.3.2 Three Neutrino Families
Some of the models analysed in the coming chapters consider three neutrino families, and










2𝜆𝑖 (𝑖 = 1, 2, .., 8) (2.3.21)
which are related to the Gell-Mann matrices:
𝜆1 =
⎛⎜⎝ 0 1 01 0 0
0 0 0
⎞⎟⎠ , 𝜆2 =
⎛⎜⎝ 0 −𝑖 0𝑖 0 0
0 0 0
⎞⎟⎠ , 𝜆3 =




⎛⎜⎝ 0 0 10 0 0
1 0 0
⎞⎟⎠ , 𝜆5 =
⎛⎜⎝ 0 0 −𝑖0 0 0
𝑖 0 0
⎞⎟⎠ , 𝜆6 =




⎛⎜⎝ 0 0 00 0 −𝑖
0 𝑖 0
⎞⎟⎠ , 𝜆8 = 1√3





The Gell-Mann matrices (2.3.22) are a generalization to 𝑆𝑈(3) of the Pauli matrices Eq. (2.3.7)












where the 𝑓 𝑖𝑗𝑘 are structure constants completely antisymmetric in the indices 𝑖, 𝑗, 𝑘, being a
generalization of the Levi-Civita symbol 𝜖𝑖𝑗𝑘 of 𝑆𝑈(2). Their values are:
𝑓 123 = 1 ; 𝑓 147 = 𝑓 165 = 𝑓 246 = 𝑓 257 = 𝑓 345 = 𝑓 376 = 12 ; 𝑓




and are equal to zero all the elements which values of the three indices are not permutations
of the sets of three indices above. Summing 𝑓 𝑖𝑗𝑘 over the third index generates a completely
antisymmetric matrix.










𝑎𝑖2𝛿𝑖𝑗 = 2𝑎𝑗 → 𝑎𝑗 = Tr(𝐴𝜆𝑗)/2. (2.3.25)




𝜌𝜇(𝑡)𝜆𝜇 = 𝑓 𝑖𝑗𝑘𝐻𝑖𝜌𝑗(𝑡)𝜆𝜇𝛿𝜇𝑘 +𝐷𝜇𝜈𝜌𝜈𝜆𝜇. (2.3.26)
Such as for the two neutrino families case, 𝜌(𝑡) (and hence the dissipator) must have the
properties of a density operator. We will also see that 𝐷𝜇𝜈 must be a symmetric matrix and
we will have 𝐷𝜇0 = 𝐷0𝜈 = 0. The constraints on the elements of 𝐷𝜇𝜈 will be determined in the
next chapter only for specific forms of the dissipator.
In the next chapter we will present the different forms of the oscillation probabilities obtained
for each model studied, always with the goal of finding limits for the decoherence parameters,
which will be done in Chapter 5.
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Chapter 3
Neutrino Oscillations with Decoherence
In this chapter we are going to apply the results of the Chapter 2 to the context of neu-
trino oscillations. Initially we will show how to obtain the equations for the oscillation prob-
abilities using the formalism of density operators, first considering two families without any
non-standard coupling with the environment (standard oscillations) in order to exemplify the
method used in this work, and throughout the chapter we will include the coupling with the
environment in different ways (using also different forms of the dissipator) and then consider-
ing three neutrino families in order to obtain equations for the oscillation probabilities with
decoherence which will be analyzed using experimental data and simulations.
3.1 Neutrino Oscillations and Density Matrix
Currently there is experimental verification of the existence of three neutrino families, and
so there are three flavor eigenstates and three mass eigenstates.
In this section though, we will consider for simplicity only neutrino oscillation in two families.
The analysis for three neutrino families will be presented in the coming sections.










where the 𝜈(𝛼,𝛽) are the flavor eigenstates, and the 𝜈(1,2) are the mass eigenstates.
The matrix 𝑈 is a rotation matrix, known in this case as mixing matrix.
In the formalism for two families we use the rotation matrix in 𝑆𝑈(2), which is
𝑈 =
(︃
cos 𝜃 sin 𝜃
− sin 𝜃 cos 𝜃
)︃
, (3.1.2)
where 𝜃 is the mixing angle.
In order to study neutrino oscillations in three families (as will be done in the coming
sections), we will only need to include a third neutrino flavor eigenstate and a third neutrino
mass eigenstate, and substitute the rotation matrix in 𝑆𝑈(2) for the rotation matrix in 𝑆𝑈(3).
As was said before, we are going to use the density matrix formalism.
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In the previous chapter we found the time evolution equation, called Lindblad Master Equa-
tion, which expanded in the basis of 𝑆𝑈(2) matrices is:
𝑑
𝑑𝑡
𝜌𝜇(𝑡)𝜎𝜇 = 2𝜖𝑖𝑗𝑘𝐻𝑖𝜌𝑗(𝑡)𝜎𝜇𝛿𝜇𝑘 +𝐷𝜇𝜈𝜌𝜈𝜎𝜇. (3.1.3)
But for the first example of how to use the density matrix formalism we are going to consider
that there is no coupling with the enviroment, and so the non-Hamiltonian term vanishes:
𝐷𝜇𝜈 = 0, (3.1.4)
therefore, we have simply the Liouville Equation:
𝑑
𝑑𝑡




p2 +𝑚2𝑖 ≃ |p|+
𝑚2𝑖
2|p| , (3.1.6)
which is valid when 𝑚𝑖 ≪ |p|, we can write the Hamiltonian of the system as:
𝐻 =






Now, we must expand it in the basis of 𝑆𝑈(2) matrices using Eq. (2.3.10) and solve the












where to obtain ?̃?𝜌 we use Eq. (2.3.11).
The equation (3.1.8) is a System of First Order Linear Differential Equations, which can be
solved in many different ways. Since there are not many equations in this system we can solve
it by substitution, but we can also use a method in which we need to find the eigenvalues and




𝜌1(𝑡) = 𝜌1(0) cos(Δ𝑚
2
2𝐸 𝑡);





By definition the source creates neutrinos of a single flavor. So, the density matrix of the
initial state is given by:
𝜌(0) = |𝜈𝛼⟩⟨𝜈𝛼|. (3.1.10)
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But, in the mass eigenstate basis we have:










This initial state will be expanded in the basis of 𝑆𝑈(2) matrices and substituted in the
solution found before Eq. (3.1.9). Therefore, the solution is:
𝜌0(𝑡) = 12 ;
𝜌1(𝑡) = 12 sin(2𝜃) cos(
Δ𝑚2
2𝐸 𝑡);
𝜌2(𝑡) = −12 sin(2𝜃) sin(
Δ𝑚2
2𝐸 𝑡);
𝜌3(𝑡) = 12 cos(2𝜃);
(3.1.13)
which in the matrix form is:
𝜌(𝑡) =
(︃
𝜌0(𝑡) + 𝜌3(𝑡) 𝜌1(𝑡) − 𝑖𝜌2(𝑡)
𝜌1(𝑡) + 𝑖𝜌2(𝑡) 𝜌0(𝑡) − 𝜌3(𝑡)
)︃
=










We will assume that the neutrinos are relativistic, and then we will change the space pa-
rameter for a time parameter.

















where Δ = Δ𝑚22𝐸 .
In this density matrix the elements of the main diagonal are known as population terms, and
they are related to the probabilities of survival and transition, respectivelly. To see the usual
form of these probabilities we would still need to change them to the basis of flavor eigenstates.
The terms which are out of the main diagonal are known as coherence terms, and they
determine the oscillatory behaviour of the probabilities due to the quantum interference.
To obtain the equation for the oscillation probability we use that:
𝑃𝜈𝛼→𝜈𝛼 = Tr[𝜌(0)𝜌(𝑡)] = 2𝜌𝜇(0)𝜌𝜇(𝑡). (3.1.16)
And then we get:
𝑃𝜈𝛼→𝜈𝛼(𝑥,𝐸) = 1 −
1
2 sin
2(2𝜃) sin2(Δ2 𝑥), (3.1.17)
which is the usual equation for the survival probability in vacuum neutrino oscillations in two
families.
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3.2 Neutrino Oscillations and Decoherence: Case 1
Now that we know how to use the density matrix formalism to get the probabilities for
vacuum neutrino oscillations in two families it is time to consider the coupling with the envi-
roment.
We will do that by considering possible forms of the non-Hamiltonian term in the Lindblad
Equation, and by solving it we will find different forms for the oscillation probabilities.
In the first case considered, we will impose that
[𝑉𝑘, 𝐻𝑜𝑠𝑐] = 0, (3.2.1)
where 𝐻𝑜𝑠𝑐 is the Hamiltonian of the oscillations, so it is the Hamiltonian of the subsystem
of interest, and the operator 𝑉𝑘 acts in the interaction between the subsystem 𝑆 and the
enviroment, by bringing to 𝑆 the perturbations from the enviroment.
This assumption is equivalent as assuming that the subsystem of neutrinos has its energy
average value conserved:
⟨?̇?⟩ = Tr{?̇?𝐻} = 0, (3.2.2)
which applied to Eq. (2.3.19) shows that we must have:
𝐷𝜇𝜈𝐻𝜇 = 0. (3.2.3)
It can be shown that the consequence of this assumption (considering also the inequalties
(2.3.14) and (2.3.15) that the dissipator must obey) is that we have a dissipative matrix with
only one phenomenological parameter [15], which we will call 𝛾, and hence the dissipative
matrix is given by:
𝐷𝜇𝜈 = 𝑑𝑖𝑎𝑔{0,−𝛾,−𝛾, 0}. (3.2.4)
We now must use this form of the dissipator in the Lindblad Equation, expand it in the
basis of 𝑆𝑈(2) matrices and solve it, similarly to what was done in the previous section for the
vacuum neutrino oscillations, except that now the dissipator has the form above.

















Here we can see that in the coherence terms, which are the ones out of the main diagonal,
there is an exponential term which depends on 𝛾.
Hence, we see that there is an elimination of the quantum interference throughout the
propagation of the neutrino.
Therefore, from this form of the dissipation matrix arises an effect of quantum decoherence.
Using equations (3.2.5) and (3.1.16) we can obtain the oscillation probability Case 1:
𝑃𝐶1𝜈𝛼→𝜈𝛼(𝑥,𝐸) = 1 − sin
2(2𝜃)[1 − 𝑒−𝛾𝑥 cos(Δ𝑥)], (3.2.6)
where again we see the exponential of −𝛾, which acts as a damping factor.
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3.3 Neutrino Oscillations and Dissipative Effects: Case
2
Now we will consider a different form of the dissipative matrix, in which we will include
another parameter in the last entry of the main diagonal.
Remembering that it must follow the conditions estabilished by inequalties (2.3.14) and
(2.3.15), we see that this new parameter can be at most equal to the sum of elements 𝐷11 and
𝐷22. Nevertheless, in this work we make the phenomenological choice to assume that it is equal
to the parameter of the previous case. Hence, the dissipative matrix will have the following
form:
𝐷𝜇𝜈 = 𝑑𝑖𝑎𝑔{0,−𝛾,−𝛾,−𝛾}. (3.3.1)
Again we will substitute it in the Lindblad Equation (2.3.19), expand it in the basis of
















In this case we also see the damping term on the coherence terms, which eliminates the
coherence throughout the propagation, but now we also have a new effect.
We can see that the population terms also have a damping exponential, which leads to an
asymptotic limit of 12 , which means that we have flavor convertion even if we eliminate the
quantum superposition, by making 𝜃 = 0. In such situation we would still have an asymptotic
limit of 12 for the population terms. Therefore, the simple addition of a parameter on 𝐷33 leads
to an effect of flavor convertion apart from quantum superpositions, apart from oscillations.
This dissipative effect is known as relaxation [34].











where we can also see the asymptotic limit of 12 for the survival probability, even when there is
no quantum superposition [16].
3.4 Decoherence in Three Neutrino Families
In this section we are going to present the model for decoherence in neutrino oscillations in
three families which we use in Chapter 5 to determine the potential of DUNE to bound the
decoherence parameters. We will begin by considering the constraints and the possible forms
of the dissipative matrix. Some of the equations presented in this section are also present at
our work [28], where we analyse DUNE’s potential sensitivity to decoherence. The main results
from [28] will be presented in Chapter 5.
As was calculated for two neutrino families in Section 2.3.1, we must have conservation of
probability, which is achieved by imposing Tr[?̇?(𝑡)] = 0. Assuming also 𝐷𝜇𝜈 as a symmetric
matrix, it implies that 𝐷𝜇0 = 𝐷0𝜈 = 0.
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Consider now the expression for the dissipator Eq. (2.3.5). The operators 𝑉𝑘 (which are
related to the interaction between the subsystem of interest and the environment) can be
expanded in the basis of SU(3) as:
𝑉𝑘 = 𝑎(𝑘)𝑝 𝜆𝑝, (3.4.1)
where sum over repeated sub-indices is implied.
Using (3.4.1) in (2.3.5), and considering the commutation relations for the Gell-Mann ma-






(⃗𝑎𝑝 · ?⃗?𝑘)𝑓𝑚𝑘𝑙𝑓𝑙𝑘𝑛, (3.4.2)
where ?⃗?𝑝 = {𝑎(1)𝑝 , 𝑎(2)𝑝 , ..., 𝑎(8)𝑝 } are vectors of R8, and the dot product is defined as:




















assuming that the angle between ?⃗?𝑝 and ?⃗?𝑘 is zero [32].
As was shown in Chapter 2 we have that 𝐷𝜇0 = 𝐷0𝜈 = 0, and so we can write:
𝐷[𝜌(𝑡)] = 𝐷𝑚𝑛𝜌𝑛𝜆𝑚, (3.4.6)
which enters in the Lindblad Equation as:
𝑑
𝑑𝑡
𝜌𝑚(𝑡)𝜆𝑚 = 𝑓 𝑖𝑗𝑘𝐻𝑖𝜌𝑗(𝑡)𝜆𝑚 +𝐷𝑚𝑛𝜌𝑛𝜆𝑚. (3.4.7)
Eq. (3.4.4) can be used to study the constraints on the elements of 𝐷, remembering that
such constraints come from the requirement of complete positivity for 𝜌(𝑡), which is necessary
in order to keep its physical character.
Similar to what was done in section 3.2 we will impose first that [𝐻,𝑉𝑘] = 0. From the
physical point of view, this commutation relation implies energy conservation in the neutrino
subsystem, and it also only includes the decoherence effect in the neutrino evolution. This
effect eliminates the quantum coherence, and the oscillation probability is changed, with the
appearence of damping terms that multiply oscillation terms, as we will show more clearly in
the development of this section. Conservation of energy in the subsystem is achieved when:
Tr{?̇?𝐻} = 0. (3.4.8)
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Applying Eq. (3.4.8) to Eq. (3.4.7), and using the expression for 𝐷𝑚𝑛 given by Eq. (3.4.4),
after some algebraic manipulation it can be shown that [32]:
𝐷𝑚𝑛 = −
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
2𝑎23 0 0 0 0 0 0 0
0 2𝑎23 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 12(𝑎3 + 𝑎8)
2 0 0 0 0
0 0 0 0 12(𝑎3 + 𝑎8)
2 0 0 0
0 0 0 0 0 12(𝑎3 − 𝑎8)
2 0 0
0 0 0 0 0 0 12(𝑎3 − 𝑎8)
2 0
0 0 0 0 0 0 0 0
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (3.4.9)
which we can rewrite as:
𝐷𝑚𝑛 = −diag{Γ21,Γ21, 0,Γ31,Γ31,Γ32,Γ32, 0}, (3.4.10)
such that:








2 ≥ 0; (3.4.13)
where we can see that Γ21, Γ31 and Γ32 are not all independent, since they are related through
𝑎3 and 𝑎8.
It is important to point out that this dissipator satisfies the criteria for complete positivity,
since as was stated in Chapter 2, this is achieved when one considers Eq. (2.3.5), which is the
case for the dissipator in Eq. (3.4.10) with conditions (3.4.11) - (3.4.13), that were derived
using Eqs. (3.4.1) and (3.4.4). In the appendix A we discuss the validity of the dissipator
in Eq. (3.4.10) and the positivity conditions when one considers decoherence in vacuum or in
constant density matter, highlighting the differences between our approach and the one used
in Ref. [38].
Eq. (3.4.10) will be used in the Lindblad Equation expanded in the basis of 𝑆𝑈(3) Eq. (3.4.7)
in order to find the expression for the density operator. But first, it is important to make some
remarks about the dimensions of the matrices studied in this chapter.
The density operator 𝜌(𝑡) is a 3×3 matrix, and since the generators of 𝑆𝑈(3) are 8 matrices
(the Gell-Mann matrices Eq. (2.3.22)), the dissipator from Eq. (3.4.10) has the form of an 8×8
matrix in order to be used in the expanded Lindblad Equation.
To understand the reason for the notation chosen for the decoherence parameters in Eq. (3.4.10)
consider the evolved density matrix in the effective mass basis:
𝜌?̃?(𝑡) =





As will be more clear later in this section, the decoherence parameters Γ𝑖𝑗 will appear in the
terms 𝜌𝑖𝑗(𝑡), 𝑖 ̸= 𝑗 (and also in 𝜌𝑗𝑖(𝑡)), representing then the decoherence between families 𝑖 and
𝑗 (remembering that, since 𝜌?̃?(𝑡) is in the effective mass basis, 𝑖 and 𝑗 represent mass indices).
It is also important to point out that 𝜌𝑖𝑗 is the 𝑖, 𝑗 matrix element, while 𝜌𝑗 in Eq. (2.3.26) is
the the coefcient of the 𝜌(𝑡) matrix in the expansion in terms of the 𝑆𝑈(3) generators.
Before we proceed with the derivation of the oscillation probabilities it is important to
comment on the relaxation effect, which was described in Section 3.3 for the context of two
neutrino families. Even though we imposed conservation of energy in the neutrino subsystem,
once the neutrinos are free to interact with the reservoir, the energy in the neutrino sector
can fluctuate, and hence the energy conservation constraint would not be satisfied. We could
relax then such imposition adding two other new parameters in 𝐷, 𝐷33, and 𝐷88, such that the
dissipator in Eq. (3.4.10) would become:
𝐷𝑚𝑛 = −diag{Γ21,Γ21,Γ33,Γ31,Γ31,Γ32,Γ32,Γ88}, (3.4.15)
where Γ33 and Γ88 describe the relaxation effect.
The relaxation effect is a phenomenon that dynamically leads the states to maximal mixture.
As we showed for two families in Section 3.3 and for three families in Ref. [26], this phenomenon
appears in the oscillation probabilities through damping factors multiplying terms which depend
only on mixing parameters. When the relaxation effect is taken into account the probabilities
tend asymptotically to 1/𝑁 , where 𝑁 is the number of families initially considered.
Since in Section 5.1 we are going to compare our analysis in [26] with the analysis made
in [24], which uses solar neutrinos, it is important to do some remarks about how dissipative
effects appear for solar neutrinos. Considering the MSW solution for solar neutrinos, which
produces a specific relation between mass eigenstates in the final neutrino flux, we expect that
the relaxation effects are strongly constrained. Since the Sun-Earth distance is of the order
of 1026GeV−1, and a rough limit for both relaxation parameters is ∼ 10−27GeV, we then have
exp[−Γ𝑖𝑖𝑥] ∼ 1 (𝑖 = 3, 8). Thus, the analysis of experiments such as KamLAND and DUNE
can disregard the relaxation effect because the larger baselines for those experiments are much
smaller than the Sun-Earth distance.
The model studied in this section will be analysed in Chapter 5 considering the neutrino
experiments DUNE and KamLAND, and so we will disregard the relaxation parameters, con-
sidering then the dissipator from Eq. (3.4.10), where the only dissipative effect is decoherence.
Considering also the main features of the experiments above, we must also take matter


















where the Δ𝑚2𝑖𝑗 ≡ 𝑚2𝑖 −𝑚2𝑗 are the squared mass differences between the mass eigenstates and
𝐸 is the neutrino energy, 𝐴 =
√
2𝐺𝐹𝑛𝑒 is the matter potential, where 𝐺𝐹 is the Fermi coupling
constant and 𝑛𝑒 is the electron number density, and 𝑈 is the mixing matrix for three neutrino
families, which is given by:
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𝑈 =




⎛⎜⎝ 1 0 00 𝑐23 𝑠23
0 −𝑠23 𝑐23
⎞⎟⎠









⎛⎜⎝ 𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒
−𝑖𝛿𝐶𝑃
−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒𝑖𝛿𝐶𝑃 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒𝑖𝛿𝐶𝑃 𝑠23𝑐13
𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒𝑖𝛿𝐶𝑃 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒𝑖𝛿𝐶𝑃 𝑐23𝑐13
⎞⎟⎠ , (3.4.19)
and where 𝑐𝑖𝑗 and 𝑠𝑖𝑗 denote cos(𝜃𝑖𝑗) and sin(𝜃𝑖𝑗), respectively.
Since we are going to solve the equation (2.3.26) in the effective mass eigenstate basis we
must find the Hamiltonian (3.4.16) also in the effective mass eigenstate basis, which is the same
as finding its diagonal form:
𝐻 = 12𝐸
⎛⎜⎝ 0 0 00 Δ̃21 0
0 0 Δ̃31
⎞⎟⎠ , (3.4.20)
where Δ̃𝑖𝑗 are the effective squared mass differences of neutrinos in matter.
There are works which develop approximate analytic expressions for the oscillation pa-
rameters and probabilities in matter, and so could be used to find the diagonal form of the
Hamiltonian in matter (see for example Ref. [64]) but due to the lack of accuracy for low en-
ergies in such approximations (see Ref. [35]), to do the analysis presented in Section 5.2 the
diagonalization was made numerically using routines provided by Ref. [65]. It is also important
to point out that the effects of the coupling between the neutrino subsystem and the envi-
ronment are present only through the dissipator, and so do not affect the values of Δ̃𝑖𝑗 and
𝜃𝑖𝑗.
After diagonalizing the Hamiltonian we expand it in the basis of 𝑆𝑈(3). For 𝑗 = 1 − 8, and













ℎ𝑖2𝛿𝑖𝑗 = 2ℎ𝑗 → ℎ𝑗 = Tr(𝐻𝜆𝑗)/2, (3.4.22)
from which we get for the Hamiltonian in the effective mass basis:
ℎ1 = ℎ2 = ℎ4 = ℎ5 = ℎ6 = ℎ7 = 0, ℎ3 = −
Δ̃21





(Δ̃21 − 2Δ̃31). (3.4.23)
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0 −2ℎ3 0 0 0 0 0 0
+2ℎ3 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 −ℎ3 −
√
3ℎ8 0 0 0
0 0 0 +ℎ3 +
√
3ℎ8 0 0 0 0
0 0 0 0 0 0 +ℎ3 −
√
3ℎ8 0
0 0 0 0 0 −ℎ3 +
√
3ℎ8 0 0




Γ21 0 0 0 0 0 0 0
0 Γ21 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 Γ31 0 0 0 0
0 0 0 0 Γ31 0 0 0
0 0 0 0 0 Γ32 0 0
0 0 0 0 0 0 Γ32 0
0 0 0 0 0 0 0 0
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (3.4.25)
This is a System of First Order Linear Differential Equations, and the method to solve it can
be found in many Differential Equation books (e.g. [63]), and involves finding the eigenvalues
and eigenvectors of 𝐻.






















where 𝜌𝑖𝑗(0) are the elements of the density matrix for the initial state. We can also see the
Γ𝑖𝑗 in the terms 𝑒−(Γ𝑖𝑗𝑥) which appear for the elements 𝜌𝑖𝑗(𝑡) and 𝜌𝑗𝑖(𝑡) (𝑖 ̸= 𝑗), and hence
show the reason for the decoherence parameters notation in three neutrino families, as already
mentioned.
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To get the oscillation probabilities we use the equation:
𝑃𝜈𝛼→𝜈𝛼′ = Tr[𝜌𝛼(0)𝜌𝛼′(𝑥)]
= 𝜌11(0)𝜌11(𝑡) + 𝜌12(0)𝜌21(𝑡) + 𝜌21(0)𝜌12(𝑡)+
+ 𝜌22(0)𝜌22(𝑡) + 𝜌13(0)𝜌31(𝑡) + 𝜌31(0)𝜌13(𝑡)+
+ 𝜌33(0)𝜌33(𝑡) + 𝜌23(0)𝜌32(𝑡) + 𝜌32(0)𝜌23(𝑡)
(3.4.27)
But since: 𝜌 = ∑︀𝑗,𝑘 𝜌𝑗𝑘|𝜓𝑗⟩⟨𝜓𝑘|, and from the transformation between the flavor and the
















−(Γ𝑗𝑘+𝑖Δ̃𝑗𝑘)𝑥 (𝑗 > 𝑘), (3.4.30)
[𝜌𝛼′(𝑥)]𝑗𝑘 = ?̃?
*
𝛼′𝑘?̃?𝛼′𝑗 (𝑗 = 𝑘). (3.4.31)
Using equations (3.4.28) - (3.4.31) into (3.4.26) and then using (3.4.27) (see also Section 2.1.1
or Ref. [55] for a more detailed calculation, analogous to the final part of this derivation, for
the case without decoherence) we can get the oscillation probabilities after some algebraic
manipulation:






















where ?̃? is the unitary mixing matrix which diagonalizes the Hamiltonian in the presence of
matter effects. To obtain the corresponding probability for antineutrinos one must repeat the
procedure above changing 𝐴 → −𝐴 in Eq. (3.4.16) and 𝛿𝐶𝑃 → −𝛿𝐶𝑃 in Eq. (3.4.19). It is
also important to point out that we assumed the decoherence parameters Γ𝑗𝑘 as being equal
for both neutrinos and antineutrinos, differently from what is done by Ref. [29] where CPT
violation in quantum decoherence is used to fit the LSND oscillation data without the inclusion
of sterile neutrinos.
3.4.1 Effects of Decoherence Over the Oscillation Probabilities
To examine the behaviour of the oscillation probabilities initially we made graphs consid-
ering the four oscillation channels analysed by DUNE and possible values of Γ21 and Γ32 (and
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Γ31 as a dependent parameter) which obey simultaneously Eqs. (3.4.11), (3.4.12), and (3.4.13).
All the graphs presented here were made considering Eq. (3.4.32), where ?̃? and Δ̃𝑗𝑘 were
obtained numerically using the routines provided by Ref. [65], and again the coupling with the
environment does not affect the values of ?̃? and Δ̃𝑗𝑘. In Fig. 3.1 we consider Normal Hierarchy
(NH):
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(b) 𝜈𝑒 appearance
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(c) 𝜈𝜇 disappearance
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(d) 𝜈𝜇 disappearance
Figure 3.1: Oscillation probabilities for NH using: Γ21 = 5.1 × 10−25 GeV, Γ32 = 8.9 × 10−24
GeV (solid line) and Standard (dashed line) where Γ31 was calculated according to Eqs. (3.4.11)
- (3.4.13). The values of the oscillation parameters are: sin2 𝜃12 = 0.321, sin2 (2𝜃13) = 0.0841,
sin2 (2𝜃23) = 0.99, 𝛿𝐶𝑃 = 𝜋/2, Δ𝑚221 = 7.56 × 10−5 eV2, Δ𝑚231 = 2.55 × 10−3 eV2.
As we can see in Fig. 3.1, the decoherence parameters affect the four oscillation channels
studied in DUNE, and for the values of the decoherence parameters considered (which were
chosen due to the analysis made in Chapter 5) we can see a few different effects on the oscillation
probabilities. In Figs. 3.1 (c) and (d) there is a small decrease in the overall oscillation amplitude
(more accentuated for the 𝜈𝜇 disappearance probability). In Fig. 3.1 (d) we can also see a
decrease in the 𝜈𝜇 for 𝐸 & 10 GeV. However, the most striking difference respect to the
standard oscillation is the new peak at ∼ 10 GeV for the 𝜈𝑒 appearance probability in the
presence of decoherence, which would provide a clear signature of new physics. In Chapter
5 we will discuss this feature in more details. Although the peak by itself is not a novelty,
and it was somehow studied in previous works (see for instance [35, 37]), here we provide a
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detailed physical interpretation, and more importantly, we suggest how this unique feature of
decoherence can be probed at DUNE.
We can also analyse how decoherence affect the oscillation probabilities when we vary
some of the standard oscillation probabilities. In Fig. 3.2 we choose the values of 𝛿𝐶𝑃 =
0, 𝜋/2, 𝜋,−𝜋/2:
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Figure 3.2: Oscillation probabilities for NH varying 𝛿𝐶𝑃 for "Decoherence", using Γ21 = 5.1 ×
10−25 GeV, Γ32 = 8.9 × 10−24 GeV (solid line) and Standard (dashed line) where Γ31 was
calculated according to Eqs. (3.4.11) - (3.4.13). The values of the oscillation parameters are:
sin2 𝜃12 = 0.321, sin2 (2𝜃13) = 0.0841, sin2 (2𝜃23) = 0.99, Δ𝑚221 = 7.56 × 10−5 eV2, Δ𝑚231 =
2.55 × 10−3 eV2.
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As we can see in Fig. 3.2 for the 𝜈𝑒 appearence and 𝜈𝑒 appearence oscillation probabilities
there is a clear distinction between the curves for the four different values of 𝛿𝐶𝑃 , and that
such difference is still visible for oscillations with decoherence, and also that the new peak at
𝐸 ∼ 10 GeV is still present in the 𝜈𝑒 appearence graphs for all the values of 𝛿𝐶𝑃 tested. We can
also see that for 𝜈𝜇 and 𝜈𝜇 disappearence probabilities graphs the difference between the curves
for different 𝛿𝐶𝑃 values is less visible, although still present, mainly around DUNE’s default
flux maximum (𝐸 ∼ 2.5 GeV). Even though DUNE does not see the channels for 𝜈𝜏 and 𝜈𝜏
appearence probabilities we present such graphs for completeness.
We can also make tests to see how changing from Normal Hierarchy (NH) to Inverted
Hierarchy (IH) changes the probabilities, where we made Δ𝑚231 𝑟𝑖𝑔ℎ𝑡𝑎𝑟𝑟𝑜𝑤− Δ𝑚231 + Δ𝑚221 to
change from NH to IH:
In Fig. 3.3 we chose higher values for the decoherence parameters Γ21 and Γ32, in comparison
with the ones used in the graphs for NH, to make the effects of such parameters more visible
in the curves for Inverted Hierarchy, since using the same values for Fig. 3.1 and Fig. 3.2 led to
graphs for decoherence almost equal the standard ones. As we can see in Fig. 3.3 the decoherence
effects can be noticed in all the graphs shown. In the 𝜈𝑒 appearence probability the main change
is below 2 GeV, where the values of the probability with decoherence are much higher than the
corresponding standard ones. For the 𝜈𝜇 disappearence and 𝜈𝜏 appearence probability the main
effect is an overall decrease in the oscillation amplitude, and for 𝜈𝜇 disappearence graph we see
a drop in the oscillation probability for 𝐸 & 10 GeV, which is related to an increase in the
𝜈𝜏 appearence probability for the same energies in the decoherence case. But the main effect
seen when we change from NH to IH is that the new peak around 𝐸 ∼ 10 GeV is now found
in the 𝜈𝑒 appearence probability graph, differently from what we see for NH in Fig. 3.1, where
the peak is in the 𝜈𝑒 appearence probability. The origin of such peak will also be analyzed in
Chapter 5.
3.4.2 Three Neutrino Families: KamLAND
Even though the complete oscillation probability for three neutrino families in matter are
given by Eq. (3.4.32), it is possible to find more simple and compact expressions depending on
the specific context which we are dealing with. Here we will consider a case of oscillation in
three families suitable for analysis using the experiment KamLAND, which is tuned to study
the solar parameters Δ𝑚221 and 𝜃12, and so has no sensibility to Δ𝑚231, Δ𝑚232 and 𝜃23, but can
have its results sensible to 𝜃13 (more information about KamLAND will be given in Chapter
4). The equations presented in this section were used in our paper [26] where we found limits
for the decoherence parameter 𝛾. The results from [26] are going to be presented in Chapter 5.
As was done in the last chapter we can expand the Lindblad Master Equation (2.3.6)
in the basis of 𝑆𝑈(3) matrices, in order to study the case of oscillation considering three
neutrino families. The evolution equation can be written as in Eq. (2.3.26) where the probability
conservation leads to 𝐷𝜇0 = 𝐷0𝜈 = 0 as was shown in the last chapter, and it is important
to note that ?̇?0(𝑡) = 0, and its solution is given by 𝜌0(𝑡) = 1/𝑁 , where 𝑁 is the number of
families.
Similarly to what was done in the last section we can impose that [𝐻,𝑉𝑘] = 0, and so 𝐷𝑚𝑛
assumes the following form [32]:
𝐷𝑚𝑛 = −diag{Γ21,Γ21, 0,Γ31,Γ31,Γ32,Γ32, 0} , (3.4.33)
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Figure 3.3: Oscillation probabilities for Inverted Hierarchy (IH) for Decoherence, using Γ21 =
9.0 × 10−23 GeV, Γ32 = 9.0 × 10−23 GeV (solid line) and Standard (dashed line) where Γ31 was
calculated according to Eqs. (3.4.11) - (3.4.13). The values of the oscillation parameters are:
sin2 𝜃12 = 0.321, sin2 (2𝜃13) = 0.0841, sin2 (2𝜃23) = 0.99, 𝛿𝐶𝑃 = 𝜋/2, Δ𝑚221 = 7.56 × 10−5 eV2,
Δ𝑚231 = −2.47 × 10−3 eV2.





















(𝛿 cos 2𝜃12 − 𝐴 cos2 𝜃13)2 + 𝛿2 sin2 2𝜃12
)︁ 1
2 , (3.4.35)
where 𝛿 = 𝑚22 −𝑚21, 𝐴 = 2
√





3 −𝑚22 −𝑚21 + 𝐴 sin2 𝜃13) . (3.4.36)
The relation between the flavor state and the effective mass basis is given by the following
transformation:
𝜌𝛼 = 𝑈𝜌?̃?𝑈 † = 𝑈13?̃?12𝜌?̃??̃? †12𝑈 †13, (3.4.37)
where the 𝜌𝛼 is the flavor state and 𝜌?̃? is the effective mass state. It is important to point out
that here we used the fact that KamLAND is only sensible to Δ𝑚221, 𝜃12 and 𝜃13, and not to
the other oscillation parameters. The mixing matrix 𝑈 is explicitly defined as (disregarding the
terms associated to 𝑈23):
𝑈 =
⎛⎜⎝ cos 𝜃13 0 sin 𝜃130 1 0
− sin 𝜃13 0 cos 𝜃13
⎞⎟⎠




where we consider the value of 𝜃13 in vacuum because 𝜃13 ≃ 𝜃13 for the matter density and
baseline of KamLAND, and the effective mixing angle 𝜃12 is given by:
sin2 2𝜃12 =
𝛿2 sin2 2𝜃
(𝛿 cos 2𝜃12 − 𝐴 cos2 𝜃13)2 + 𝛿2 sin2 2𝜃12
. (3.4.39)























where 𝜌𝑖𝑗(0) are elements of the initial state obtained from Eq. (3.4.38).
As was previously discussed, the off-diagonal elements are known as coherence elements. In
state (3.4.40), these elements tend to zero during the propagation due to the damping terms.
This is the exact definition of the decoherence effect. But, in the solar neutrino context, these
elements are averaged out, and any decoherence effect information is lost if we consider a
model-independent approach [34]. Besides, since |Δ𝑚231|∼ |Δ𝑚232|≫ |Δ𝑚221|, experiments such
as KamLAND, that are tuned to test Δ𝑚221, are not sensible to the coherence elements 𝜌𝑖3, due
to the small value of 𝜃13, and because the elements in 𝜌𝑖3 depend on ̃︀Δ3𝑖𝑥 with 𝑖 ̸= 3, which
oscillate very fast, and hence are averaged out.
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and using Eq. (3.4.38) to write the state above in the flavor basis, the survival probability can
be obtained by taking
𝑃𝜈𝛼→𝜈𝛼 = Tr[𝜌𝛼(0)𝜌𝛼(𝑡)] (3.4.42)
where the initial state for 𝜈𝑒 is 𝜌𝛼(0) = 𝑑𝑖𝑎𝑔{1, 0, 0}, and we have 𝜌?̃? = 𝑈 †𝑇𝜌𝛼𝑈𝑇 with 𝑈𝑇 =
𝑈 †𝑈𝑀 (𝑈𝑀 is the rotation matrix between the flavor basis and the effective mass basis). So,
the survival probability is given by [66]
𝑃 3𝜈𝜈𝑒→𝜈𝑒 = cos
4(𝜃13)𝑃 2𝜈𝜈𝑒→𝜈𝑒 + sin
4(𝜃13) (3.4.43)
where 𝑃 2𝜈𝜈𝑒→ is written











where we define 𝛾 = Γ21. Eq. (3.4.44) is the same probability as in Eq. (3.2.6) obtained in the
two neutrino family framework when the decoherence effect is taken into account [34].
It is important to explain the difference between the analysis conducted in this work and
the one in Ref. [24], where they use a different set of data from KamLAND (older than the one
considered here), but also consider data from solar neutrinos.
The first difference is that we are considering three neutrino families. Moreover, as shown in
[31] and mentioned before, there are cases in which, besides the decoherence effect, other effects
arise from the coupling with the environment, such as the so-called relaxation effect [31]. Since
in our case, as previously shown, decoherence is the only relevant effect in the interaction with
the environment, including solar neutrinos in the analysis would not bring any new information
regarding the decoherence parameter. Solar neutrinos cannot be used to bound decoherence
because the fast-oscillating terms in Δ̃𝑖𝑗𝑥 average out all the coherence terms [33,34]. Therefore,
the effect studied here is different from the one studied in Ref. [24]. According to Ref. [34],
the limits found in Ref. [24] are combined limits on relaxation and decoherence effects in a
model-dependent approach. We use a model-independent approach in [26] and in this work to
analyse the KamLAND data in Chapter 5.
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Chapter 4
KamLAND, DUNE and Analysis
Since we want to confront the results we obtained on the previous chapters with experimental
data, it is important that we examine the fundamental features of neutrino experiments and of
the methods of verification of the validity of a scientific model.
Therefore, in this chapter we will first present a short review of neutrino experiments, and
mainly the KamLAND and DUNE experiments, which will be considered on the next chapter
of this work, and then we will present the details of the programs used for the analyses.
4.1 Neutrino Experiments
The main features that characterize a neutrino oscillation experiment are the typical energy
E of the neutrino, and the baseline, the distance L between the source and the detector.
But since in general the neutrino beams analysed by the experiments are not monoenergetic,
and since the detectors’ energy resolution is finite, instead of measuring a probability 𝑃𝛼→𝛽











where Φ is the neutrino energy spectrum, 𝜎𝐶𝐶 is the cross section for the process in which
the neutrino is detected (which is in general, a Charged Current interaction), 𝜖(𝐸) is the
detection efficiency, and the range of the energy integral depends on the energy resolution of
the experiment.





if we want the experiment to be sensitive to a given value of Δ𝑚2𝑖𝑗, it must be set up with
(𝐸/𝐿) ≈ Δ𝑚2𝑖𝑗(𝐿𝑜𝑠𝑐0,𝑖𝑗 ∼ 𝐿), otherwise, if (𝐸/𝐿) ≫ Δ𝑚2𝑖𝑗(𝐿𝑜𝑠𝑐0,𝑖𝑗 ≫ 𝐿) the oscillation phase does
not have enough time to have an appreciable effect, and if (𝐸/𝐿) ≪ Δ𝑚2𝑖𝑗(𝐿𝑜𝑠𝑐0,𝑖𝑗 ≪ 𝐿) the








In order to have a good sensitivity a neutrino experiment must aim to have 𝐸/𝐿 ≈ Δ𝑚2𝑖𝑗
and Δ𝐸 ≪ 𝐿Δ𝑚2𝑖𝑗 so that the energy resolution is good for the baseline considered [67].
4.2 KamLAND
One of the experiments considered in the analyses we make in Chapter 5 is KamLAND,
the Kamioka Liquid-scintilator Anti-neutrino Detector, which is located at the Kamioka mine,
Gifu, Japan, made to detect electron antineutrinos which come from nuclear reactors being
at an average distance of ∼ 180km from the detector. Figure (4.1) shows the location of
KamLAND and the main nuclear power stations in Japan.
Figure 4.1: Location of KamLAND and main power stations in Japan. The blue circle indicates
the average distance of 180km. [68]
The main target consists of 1kt of liquid scintilator, and this internal detector is shielded
by an external detector of Cherenkov light in water of 3.2kt. A more detailed review of the
experiment can be found in Ref. [69].
The detection of the 𝜈𝑒 is done by the inverse 𝛽 decay:
𝜈𝑒 + 𝑝 → 𝑒+ + 𝑛. (4.2.1)
Since the electron antineutrinos travel through the terrestrial crust between the reactors
and the detector, matter effects are usually considered when dealing with KamLAND data,
and a constant density is considered for the terrestrial crust.
The KamLAND experiment was constructed to test the so called Large Mixing Angle (LMA)
solution for the solar neutrino problem, which consisted of a solar neutrino detection rate which
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was substantially smaller than that predicted by standard solar models. Typical values of the
parameters for the LMA solution are [55]:
Δ𝑚2 ∼ 7 × 10−5𝑒𝑉 2, tan2(𝜃) ∼ 0.4.
Considering the average value of 𝐿, and that the energy of the electron antineutrinos is on
the order of MeV, it is sensitive to Δ𝑚2𝑖𝑗 & 10−5𝑒𝑉 2 [67].
We see then, that we have an important relation between solar neutrino experiments and
KamLAND, in which KamLAND provides precision in the measurement of Δ𝑚2, and solar
neutrinos provide precision in the measurement of tan2(𝜃) due to particularities of the two
kinds of experiments [55], allowing a more precise study of the solar parameters.
4.2.1 KamLAND Data Analysis
In the analysis of the KamLAND data, which will be presented in Section 5.1, the 𝜒2 Test












where the sum is made over the 𝑛 energy bins (energy intervals), 𝑁 𝑡ℎ𝑒𝑜𝑗 is the number of events
expected in accordance to the theory, 𝑁 𝑜𝑏𝑠𝑗 is the number of events observed given by the
KamLAND Collaboration, both related to a bin 𝑗, and 𝐾 is a free parameter of the model
which here runs from 0.75 to 1.25.
The program used for the analysis considers data from KamLAND [66] and does the 𝜒2
Test considering the survival probability with decoherence from Eq. (3.4.43), and we used this
program to verify the limits on 𝛾. In order to do that we performed calculation of the number













𝑓(𝐸𝑝, 𝐸 ′𝑝), (4.2.3)
where the sum is over each reactor 𝑖, with percentual contribution 𝐶𝑖, 𝑃𝑖 is the oscillation prob-
ability from Eq. (3.4.43), 𝐹 is the flux of the reactor, 𝑑2𝜎 is the differential cross section of the
antineutrino detection, 𝑓(𝐸𝑝, 𝐸 ′𝑝) is the function of energy resolution, and we have integrations
over the neutrino energy 𝐸𝜈 , and over the real energy of the positron produced 𝐸 ′𝑝 [67].
Then, we used the 𝜒2 Test defined above to get best-fit results and confidence level curves,
which then can be used to obtain the limits for the three parameters Δ2𝑚, tan(𝜃) and 𝛾.
We folowed the procedure described above using a set of data which was obtained in Ref. [66].
4.3 DUNE
The Deep Undergrond Neutrino Experiment (DUNE) [9–13] is a dual-site experiment being
constructed in the USA. It is comprised by a high-intensity neutrino beam and a high precision
near detector, both to be hosted at the Long Baselise Neutrino Facility (LBNF) at Fermilab, in
Batavia, Illinois, and also a liquid argon time-projection chamber (LArTPC) far detector to be
placed at the Sanford Underground Research Facility, about 1300km away from the Fermilab,
in Lead, South Dakota (a representation of DUNE can be seen in Fig. (4.2)).
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Figure 4.2: Representation of DUNE showing the neutrino beam produced at the Fermilab,
the near detector, and the far detector at the Sanford Underground Research Facility, in South
Dakota [9]
The neutrino beam is obtained when a high energy proton beam from the Fermilab Main
Injector hits a graphite target, which produces a secondary beam of charged particles, mostly
pions and kaons, which in turn decay into muons and neutrinos. Since the beam of charged
particles can be selectively focused, one can obtain a high purity 𝜈 or 𝜈 beam directed towards
the far detector.
The near detector will be built in order to measure the unnoscillated flux spectrum of the
neutrino species in the beam, 𝜈𝜇, 𝜈𝑒, 𝜈𝜇 and 𝜈𝑒.
The up to 40-kt LArTPC far detector will be able to separate neutrino events from other
interactions, accuratelly determining the event time. It will be built deep underground in order
to reduce background and to provide sensitivity from proton decay searches in the kaon modes
and for measuring neutrinos from potential supernovae in the galaxy.
The main scientific goals of the DUNE Collaboration are:
1. Look for 𝐶𝑃 violation in the lepton sector
2. Determine the neutrino mass hierarchy, through the matter induced asymmetry between
neutrino and antineutrino oscillations, ensured by its 1300km baseline.
3. High-precision measurement of neutrinos’ masses and mixing angles.
And also search for proton decay and eventually detection of supernova neutrinos in case
one occurs in the lifetime of the experiment.
More information about DUNE can be found in Refs. [9–13].
4.3.1 DUNE Analysis Procedure: GLoBES Package
The analysis of the model for decoherence in neutrino oscillations considering three families
is done using the software package General Long Baseline Experiment Simulator (GLoBES)
[42,43].
GLoBES (which currently is widely used by neutrino physicists) provides tools to analyse
neutrino experiments given that they are consisted of only one stationary neutrino source. It
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also allows one to obtain information such as oscillation probabilities, rate vectors and Δ𝜒2
values. It gives also the possibility of including physics beyond the standard three family
neutrino oscillations scenario.
There is a wide range of neutrino experiment implementations available for use within
GLoBES, and that includes a full simulation of DUNE, which was done by Ref. [76].
The DUNE implementation to GLoBES is available at the ancillary files provided by [76],
which correspond to the following configuration: 3.5 years of running each in neutrino and in
antineutrino mode, a 40-kt fiducial mass detector and a 80 GeV, 1.07 MW beam. The files
include the results of the simulated neutrino fluxes and flux normalizations (both for neutrino
and antineutrino modes) according to the simulation of the “Optimized Beam”described in [10],
with uncertainties of 2% each for the 𝜈𝑒 and 𝜈𝑒 signal modes, and 5% each for the 𝜈𝜇 and 𝜈𝜇
signal modes. The background normalization uncertainties range from 5% to 20% and include
correlations among various backgrounds. The matter density is assumed constant and equal to
the average matter density for this baseline from the PREM [77, 78] onion shell model of the
earth, and it has an uncertainty of 2%. The GLoBES files provide also the cross-sections for
the charged-current and neutral-current interactions with argon and the detectors’ efficiency
as a function of energy. More details about the simulation and its implementation in GLoBES
can be found in [76].
In GLoBES, after the simulated experiment is set, since there is no real data to be considered
in the 𝜒2 calculations, one should also set the assumed result of the experiment, or the so
called “true”oscillation parameter values, for which the “true”rate vectors are calculated. The
“true”parameter values and the respective rate vectors correspond to the simulated data of the
experiment, and the analysis of the measurement potential of such experiment is made relative
to these assumed “true”values. This analysis is made by varying the fit parameter values, the
so called “test”values for the parameters.
In the next chapter we will present more details of the procedure used to analyse decoherence




In this chapter we are going to present analyses made based on the neutrino oscillation with
decoherence probabilities presented in Chapter 3.
First we show an analysis of decoherence considering data from KamLAND, and then we
use an implementation of DUNE for the GLoBES package to determine its potential to find
limits for the decoherence parameters.
5.1 KamLAND
The results presented in this section were published in [26], which is also presented attached
to the end of this thesis.
We used the set of data presented in Ref. [66], where the data is presented in 20 energy
bins. For this set of data, we tested the usual oscillation scenario, and found for the best-fit
point 𝜒2𝑚𝑖𝑛 = 22.96, Δ𝑚221 = 8.05 × 10−5 eV2, tan2(𝜃12) = 0.40. We can see that 𝜒2𝑚𝑖𝑛 is close
to the number of degrees of freedom, indicating a good agreement with the experimental data.
We consider now the oscillation probability in Eq. (3.4.44) in the form suitable for Kam-
LAND Eq. (3.4.43), and the three free parameters Δ𝑚221, tan2(𝜃12), and 𝛾, also considering a







with 𝐸0 = 1GeV, such as the one done by Ref. [24]. We did this test for 𝑛 = 0, 𝑛 = 1, and
𝑛 = −1. We also considered the best-fit value for 𝜃13 given by Ref. [79], sin2(2𝜃13) = 9.3 × 10−2
.
The best-fit results for these scenarios can be seen in Table (5.1) for the three values of 𝑛,
where again we see that the value of 𝜒2𝑚𝑖𝑛 is close to the number of degrees of freedom.
We can also see that including the third parameter 𝛾 slightly improves the fit in comparison
with the scenario where 𝛾 = 0, with a decrease in the value of 𝜒2𝑚𝑖𝑛.
We present confidence level curves for 𝑛 = 0 in the energy dependence, which can be seen
in Figs.5.1, and in accordance with Ref. [79] we chose the values of Δ𝜒2 to get confidence levels
of 68.27%, 90%, 95%, 99%, and 99.73%.
For 𝑛 = 1 in the energy dependence, the confidence level curves obtained are given in
Figs. (5.2), and for 𝑛 = −1 in the energy dependence, the confidence level curves obtained are
given in Figs. (5.3):
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𝑛 = 0 𝑛 = 1 𝑛 = −1
𝜒2𝑚𝑖𝑛 21.44 21.92 21.03
Δ𝑚2 8.05 × 10−5eV2 8.05 × 10−5eV2 8.05 × 10−5eV2
tan2(𝜃) 0.44 0.42 0.47
𝛾0 2.37 × 10−22GeV 4.14 × 10−20GeV 1.17 × 10−24GeV
Table 5.1: Best-fit results for three free parameters
(a) (b)
(c)
Figure 5.1: Confidence level curves for 𝑛 = 0. The curves correspond to 68.27%, 90%, 95%,
99%, and 99.73% C.L.
We can see from Figs. (5.1) - (5.3) that the decoherence effect does not alter the value of
the best-fit point for Δ𝑚2, which is consistent with our previous analysis, since the damping
term depending on 𝛾 acts only on the amplitude of the survival probability.
From the confidence level curves of Figs.(5.1) - (5.3), we can obtain limits for the oscillation
parameters and for 𝛾0, the decoherence parameter. For 95% C. L., the upper limits on 𝛾0 are
given in Table (5.2):
In order to visualize the effect of the inclusion of decoherence in our study of neutrino




Figure 5.2: Confidence level curves for 𝑛 = 1. The curves correspond to 68.27%, 90%, 95%,
99%, and 99.73% C.L.
𝑛 = −1 3.7 × 10−24GeV
𝑛 = 0 6.8 × 10−22GeV
𝑛 = 1 1.5 × 10−19GeV
Table 5.2: Upper limits for 𝛾0 at a 95% C.L. with 𝑛 = 0, 1,−1
Collaboration.
Following the same procedure used by KamLAND, we used our results to make Fig. (5.4),
which is the result of merging the original graph [66] and the graph we made for oscillation
with decoherence.
In Fig. (5.4) we can see that the fit of the data made from our model of oscillation with
decoherence is a good fit of the data, showing a visual confirmation of the analysis provided by
the 𝜒2 test.
We see that the inclusion of decoherence causes a damping on the oscillation pattern, as we
already expected from our theoretical predictions. We can also see that this damping is not




Figure 5.3: Confidence level curves for 𝑛 = −1. The curves correspond to 68.27%, 90%, 95%,
99%, and 99.73% C.L.
5.2 DUNE
In this section we are going to show analyses of the decoherence parameters, where we
considered the oscillation probability with decoherence in matter given by Eq. (3.4.32). We will
first present an analysis of the new peak at ∼ 10 GeV for the 𝜈𝑒 appearence probability showed
in Section 3.4. Although this peak was somehow already present in other works [35,37] here we
give a detailed physical interpretation of it. We will then show how each oscillation channel is
sensible to decoherence analysing the event rates, and we also find limits for the decoherence
parameters through sensitivity analyses, considering two neutrino flux configurations, as will
be detailed in the following sections. The results presented in this chapter are also shown in
our work [28], presented attached at the end of this thesis.
The following results assume the DUNE baseline 𝐿 = 1300 km and its energy range, which
extends from hundreds of MeV’s to tenths of GeV’s, and all the results correspond to Normal
Hierarchy (NH). Values for the standard oscillation parameters used [6, 7, 80] are given in
Table (5.3):
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Figure 5.4: Graph made with data from the simulation of our model for oscillation with deco-
herence considering the best-fit values all parameters and the three different values for 𝑛 in the
energy dependence. We also include the KamLAND data [66]
.
sin2 𝜃12 sin2 (2𝜃13) sin2 (2𝜃23) 𝛿𝐶𝑃 Δ𝑚221 (eV2) Δ𝑚231 (eV2)
0.321 0.0841 0.99 −𝜋/2 7.56 × 10−5 2.55 × 10−3
Table 5.3: Values for the standard oscillation parameters from Refs. [6, 7, 80].
5.2.1 New peak at the 𝜈𝑒 (𝜈𝑒) appearence probability for NH (IH):
physical interpretation
When we consider Normal Hierrarchy (NH), a peak at ∼ 10 GeV is present in the 𝜈𝑒
appearance probability in the presence of decoherence. In order to obtain a physical insight of
this new feature, let us begin by analysing the behavior of the eigenvalues of the Hamiltonian
(𝜆) in Eq. (3.4.16), which can be seen in Fig. 5.5.
As we can see in Fig. 5.5, there is a level crossing between the eigenvalues referred as 2 and
3 at 𝐸 ∼ 10 GeV, which indicates a resonance at that energy for the parameters considered.
Since the eigenvalues were obtained from the diagonalization of Eq. (3.4.16) it is clear that this
resonance is a standard effect.
From the oscillation probabilities with decoherence in Eq. (3.4.32), the Γ𝑗𝑘 parameters



















for 𝑗, 𝑘 = 1, 2, 3 and 𝑗 > 𝑘.











, which are responsible for the quantum interference
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Figure 5.5: Eigenvalues (𝜆𝑖, i=1,2,3) of the Hamiltonian in Eq. (3.4.16) for NH. We can see
an indication of a resonance region about 𝐸 ∼ 10 GeV.
in the oscillation probabilities, we will refer to it as the interference factor. Such term is also
present in the standard oscillation probabilities (see for example the full form of the oscillation
probabilities for three neutrino families in Ref. [55]).
In addition, there are terms not affected by the decoherence parameters:




where 𝑗, 𝑘 = 1, 2, 3 and 𝑗 > 𝑘, which is also a term present for standard neutrino oscillations.
The term 𝐶𝛼𝛼′ in the case of the 𝜈𝑒 appearance probability, and for 𝑗 = 3 and 𝑘 = 2, is
given by:
𝐶𝜇𝑒 = −2 𝑅𝑒(?̃?𝑒3?̃?*𝜇3?̃?𝜇2?̃?*𝑒2), (5.2.3)
which is also shown in the left panel of Fig. 5.6. This term of the 𝜈𝑒 appearance probability
indeed presents a resonance at 𝐸 ∼ 10 GeV, which was already suggested by the level crossing
in the eigenvalues for this energy in Fig. 5.5.
Let us now analyse the effect of 𝑒−Γ32𝑥 over the 𝜈𝑒 appearance probability, and in order to
do so, we considered the form of the interference factor in Eq. (5.2.1) when 𝑗 = 3, 𝑘 = 2, 𝛼 = 𝜇,
𝛼′ = 𝑒:












The form of the interference term, which is subject to the damping factor 𝑒−Γ32𝑥 for oscil-
lation with decoherence, and as given in Eq. (5.2.4), is shown in the right panel of Fig. 5.6.
We can see that the term 𝐼𝜇𝑒 work as an interference factor to the oscillation probabilities, in
particular, we see that around 𝐸 = 10.8 GeV, which is exactly the energy of the resonance, we
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Figure 5.6: Left panel: behavior of 𝐶𝜇𝑒 for 𝑗 = 3, 𝑘 = 2, 𝛼 = 𝜇, 𝛼′ = 𝑒 and NH given by
Eq. (5.2.3). Right panel: interference factor 𝐼𝜇𝑒 for 𝑗 = 3, 𝑘 = 2, 𝛼 = 𝜇, 𝛼′ = 𝑒 and NH given
by Eq. (5.2.4).
have a strong destructive interference. For the standard oscillation probabilities (without deco-
herence), such destructive interference would exactly cancel out the resonance at 𝐸 ∼ 10.8 GeV
shown in the left panel. In fact, considering a constant matter density of 2.96𝑔/𝑐𝑚3 [77, 78],
numerically the maximum of 𝐶𝜇𝑒 in Eq. (5.2.3) is equal to the minimum of 𝐼𝜇𝑒 in Eq. (5.2.4),
and both coincide at 𝐸 = 10.82 GeV, and therefore, for standard neutrino oscillations the
destructive interference shown in the right pannel of Fig. (5.6) cancel out the constructive in-
terference shown in the left pannel of Fig. (5.6), hiding the resonance for standard oscillations,
similarly to the vacuum mimicking in matter [81,82]. However, when we have oscillations with
decoherence the term 𝑒−Γ32𝑥 work as a damping to this interference factor, therefore eliminating
the destructive interference at 𝐸 ∼ 10 GeV. The elimination of such destructive interference en-
hances the 𝜈𝑒 appearance probability, since now the destructive interference cannot completely
cancel out the resonance, therefore creating the peak shown in Fig. 3.1 (a). It is important to
point out that such effects appear in the terms defined by the mass indices ’3’ and ’2’, which
indicates that Γ32 is the decoherence parameter responsible for the rise of this new peak at the
𝜈𝑒 appearence probability for NH. Since such peak constitutes a very significant effect in the
oscillation probabilities in the presence of decoherence, being able to reconstruct it will provide
a compelling test of decoherence. If DUNE is compatible with standard oscillations, severe
bounds to the decoherence parameters (mainly Γ32) can be obtained as long as the experiment
measure a significant number of events around 𝐸 ∼ 10 GeV, and therefore spectral information
is very relevant here.
A similar situation is found for IH, where the new peak appears now at the 𝜈𝑒 appearence
probability. When we consider the eigenvalues of the Hamiltonian (𝜆) for this case we find
that there is also the indication of a resonance, but this time from the level-crossing between
eigenvalues labeled as 1 and 2:
Similarly to what was done for NH, we can now analyse the terms 𝐶𝛼𝛼′ in the case of the
𝜈𝑒 appearance probability, and for 𝑗 = 2 and 𝑘 = 1
𝐶𝜇𝑒 = −2 𝑅𝑒(?̃?𝑒2?̃?*𝜇2?̃?𝜇1?̃?*𝑒1), (5.2.5)
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Figure 5.7: Eigenvalues (𝜆𝑖, i=1,2) of the Hamiltonian in Eq. (3.4.16) for IH. We can also see
an indication of a resonance region about 𝐸 ∼ 10 GeV.
and also 𝐼𝛼𝛼′ when 𝑗 = 2, 𝑘 = 1, 𝛼 = 𝜇, 𝛼′ = 𝑒:












From Eqs. (5.2.5 - ??) we can get Fig. 5.8, where there is also a similarity to Fig. 5.6, except
that now the resonance and the destructive interference are present for the 𝜈𝑒 appearence
probability and in the terms defined by the mass indices ’2’ and ’1’, which indicates that
now the decoherence parameter which generates the new peak for IH is Γ21, while for NH the
decoherence term responsible for the rise of the new peak is Γ32.
In the following sections we will present the results correspondent only to the NH case.
5.2.2 Relative events with DUNE Default Flux
For NH and a particular input for the decoherence parameters, the total number of events
and the energy event spectra are calculated for each oscillation channel for the Default Flux
which is used in [76] and represented in Fig. 5.9.
We define the relative Event Rates as 𝛿𝑅𝑟𝑒𝑙:
𝛿𝑅𝑟𝑒𝑙 =
𝑅(Γ21 ̸= 0,Γ31 ̸= 0,Γ32 ̸= 0) −𝑅(Γ21 = Γ31 = Γ32 = 0)
𝑅(Γ21 = Γ31 = Γ32 = 0)
, (5.2.7)
where Γ21 ̸= 0,Γ31 ̸= 0,Γ32 ̸= 0 are chosen in order to satisfy Eqs. (3.4.11) – (3.4.13), and 𝑅
correspond to the event rates.
Fig. 5.10 show the relative deviation of the number of 𝜈𝑒, 𝜈𝑒, 𝜈𝜇, and 𝜈𝜇 events in respect
to the standard oscillation case without decoherence. From the 𝜈𝑒 and 𝜈𝑒 events, one can see a
low relative deviation (< 3%) at the DUNE flux (default) maximum (∼ 2.5 GeV). The peak at
𝐸 & 10 GeV in the 𝜈𝑒 (𝜈𝑒) events is also relatively low, being about ∼ 16% (∼ 8%), but this
56
1 1 0- 0 , 2 4
- 0 , 1 8
- 0 , 1 2
- 0 , 0 6
0 , 0 0
0 , 0 6
0 , 1 2
0 , 1 8





E ( G e V )
1 1 0- 0 , 2 4
- 0 , 1 8
- 0 , 1 2
- 0 , 0 6
0 , 0 0
0 , 0 6
0 , 1 2
0 , 1 8




E ( G e V )
Figure 5.8: Left panel: behavior of 𝐶𝜇𝑒 for 𝑗 = 2, 𝑘 = 1, 𝛼 = 𝜇, 𝛼′ = 𝑒 and IH given by
Eq. (5.2.5). Right panel: interference factor 𝐼𝜇𝑒 for 𝑗 = 2, 𝑘 = 1, 𝛼 = 𝜇, 𝛼′ = 𝑒 and IH given
by Eq. (5.2.6).
Figure 5.9: Default neutrino fluxes considered in [76] for DUNE.
is expected because with the default flux events at the high energy end of the spectrum are
much smaller than in the DUNE energy peak. In the case of 𝜈𝜇 and 𝜈𝜇 events in Fig. 5.10 we
can notice that at slightly lower energies from the DUNE flux (default) maximum, a relative
deviation of the order of ∼ 19% is obtained in the case of 𝜈𝜇 and ∼ 35% for 𝜈𝜇 events.
It appears to be that, with the default flux configuration, DUNE is sensitive to decoherence,
and this sensitivity is obtained from the four oscillation channels. However, due to the large
number of muon neutrino (and antineutrino) events (see Tab. 5.4), and the relative deviation
in Fig. 5.10, the main sensitivity comes from 𝜈𝜇 and 𝜈𝜇 events and some reduced sensitivity
from 𝜈𝑒 events. To fully exploit the high energy relative deviations that appears in the 𝜈𝑒 and
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Figure 5.10: Relative event rates defined in Eq. (5.2.7) setting Γ21 = 5.1 × 10−25 GeV, and
Γ32 = 8.9 × 10−24 GeV, for the event rates in the presence of decoherence.
𝜈𝑒 events in Fig. 5.10, a high energy flux for DUNE will be considered in the sensitivity analysis
of Section 5.2.4, and as will be shown, this will substantially improve the sensitivity for testing
decoherence.
events (Sig.+BG) 𝜈𝑒-app 𝜈𝑒-app 𝜈𝜇-disapp 𝜈𝜇-disapp
Γ𝑖𝑗 = 0 1777.69 406.025 8206.77 4124.51
Table 5.4: Total number of events (signal plus background) for each oscillation channel.
5.2.3 DUNE sensitivity to the decoherence parameters with the de-
fault flux configuration
In this section we present a sensitivity analysis considering the default flux configuration
from Ref. [76]. From the previous sections we could see that with the default flux DUNE have
a good sensitivity to the decoherence parameters Γ21 and Γ32 in a parameter range which is
not yet constrained by other experiments. Later, we present a second analysis considering a
higher energy flux, which will bring a better sensitivity to Γ32, since it is the parameter which
generates the new peak at ∼ 10 GeV for the 𝜈𝑒 appearance probability.
For the analysis presented in this section we have assumed standard oscillation ‘data’ with-
out decoherence using values in Table 5.3 and tested the decoherence hypothesis. The usual
𝜒2 analysis have been performed marginalizing over the standard oscillation parameters (ex-
cept the solar parameters that are kept fixed) adding penalties to the 𝜒2-function with the
following standard deviations: 𝜎(sin2 (2𝜃13)) = 0.0033, 𝜎(sin2 (2𝜃23))/sin2 (2𝜃23) = 3%, and
𝜎(Δ𝑚231)/Δ𝑚231 = 3%. The 𝛿 parameter have been also minimized over.
Because Γ21,Γ31,Γ32 are not all independent, to perform the 𝜒2 analysis we assumed Γ21
and Γ32 as independent, and determined the values for Γ31 as a function of the independent
decoherence parameters in accordance with Eqs. (3.4.11 - 3.4.13).
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Since, from Eq. (3.4.12), Γ31 depend on 𝑎3 and 𝑎8, we can use Eqs. (3.4.11) and (3.4.13)
(therefore two variables and two equations) to write Γ31 in terms of Γ21 and Γ32 as follows:







2 ⇒ 𝑎8 = 𝑎3 −
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Using the procedure described in the begining of the section, assuming Γ21 and Γ32 as free
parameters, defining Γ31 according to Eq. (5.2.10) (and using the three Γ in the probability
Eq. (3.4.32)) we obtained the confidence level curves in Fig. 5.11:
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Figure 5.11: Confidence level curves at 90% C.L and 3𝜎 C.L for 2 d.of.. for the two decoherence
parameters Γ21 and Γ32, considering the Default Flux from Ref. [76].
To obtain the sensitivity regions on each individual parameter we perform the minimization
over each of the two decoherence parameters in each case, as shown in Fig. 5.12 (a) for Δ𝜒2
versus Γ32 and (b) for Δ𝜒2 versus Γ21. From the Δ𝜒2 profiles we obtained sensitivity results
compiled in Table 5.5, which allow us to see that DUNE has the potential to provide a more
stringent sensitivity to Γ21 than the one given by KamLAND in Ref. [26], where the limit for
Γ21 in 95% C.L. is 6.8 × 10−22 GeV.
In the following section we discuss how a high energy neutrino flux, different from the one
given by Ref. [76], can considerably improve the sensitivity to Γ32 providing a more suitable
configuration to test decoherence at DUNE.
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(a) Δ𝜒2 versus Γ32, minimizing over Γ21
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(b) Δ𝜒2 versus Γ21, minimizing over Γ32
Figure 5.12: Sensitivity analysis for the Default Flux given by [76]. The horizontal lines define
90% C.L. and 3𝜎 C.L. for 1 d.o.f.
Parameter 90% C.L 3𝜎 C.L
Γ21 ≤ 1.2 × 10−23 GeV 2.1 × 10−23 GeV
Γ32 ≤ 4.7 × 10−24 GeV 8.0 × 10−24 GeV
Table 5.5: Sensitivity results for the decoherence parameters from the 𝜒2 analysis considering
the default flux configuration [76], as shown in Fig. 5.12 (a) and 5.12 (b) for 1 d.o.f.
5.2.4 Sensitivity analysis for Γ32 with a high energy flux configura-
tion
From the discussion at the event level in Section 5.2.2 it is clear that in order to be sensitive
to the peak around 10 GeV in the 𝜈𝑒 appearance channel at DUNE, it is necessary to consider
a different flux configuration. Having reached this conclusion, we decided to perform a second
sensitivity analysis, but this time considering the High Energy (HE) neutrino flux proposed in
Ref. [83] and represented in Fig. 5.13:
For the sensitivity analysis using the HE flux we excluded the beam contamination from 𝜈𝑒
and 𝜈𝑒, since we do not have access to this information. Then, we repeated the same procedure
of the previous sections, first presenting in Fig. 5.14 the relative deviation of the number of 𝜈𝑒
events respect to the standard oscillation case without decoherence and finally the sensitivity
results. As already expected, with the HE flux configuration the peak in 𝜈𝑒 rises to ∼ 45%,
which suggests that this channel with such flux configuration can bring an increased sensitivity
to the Γ32 parameter. We showed in Section 5.2.1, that is the Γ32 parameter that mostly
generates this new peak. Following the same procedure of the previous section we performed
another sensitivity analysis, and the results are given in Fig. 5.15 and Fig. 5.16.
From Fig. 5.16 we obtained the sensitivity regions compiled in Table 5.6, where we present
only the results for Γ32, since the analysis presented in section 5.2.3 already brings the best
sensitivity to Γ21. Sensitivity to Γ32 given in Table 5.6 is enhanced respect to the one found in
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Figure 5.13: Proposed neutrino fluxes by [83] for DUNE. In this work we use the HE flux tune
for the second part of our analysis
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Figure 5.14: Relative deviations respect to the 𝜈𝑒 appearance events without decoherence (Γ32 =
0) for the HE flux from [83] (solid). For the event rates with decoherence we considered
Γ21 = 5.1 × 10−25 GeV, Γ32 = 1.6 × 10−24 GeV. We also present again the Relative deviations
for the 𝜈𝑒 appearance events considering the default flux [76] for comparison (dashed).
Section 5.2.3, since the HE flux from [83] is much more suitable to pin down the new peak at
𝐸 ∼ 10.8 GeV in the 𝜈𝑒 appearance probability than the default flux [76]. Such result could
only be achieved from the use of the spectral information at high energies.
Parameter 90% C.L 3𝜎 C.L
Γ32 ≤ 7.7 × 10−25 GeV 1.4 × 10−24 GeV
Table 5.6: Sensitivities to the decoherence parameters from the 𝜒2 analysis considering the
HE flux configuration [83] shown in Fig. 5.16 for 1 d.o.f.
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Figure 5.15: Γ32 versus Γ21 confidence level curves for 90% C.L and 3𝜎 C.L. considering the
HE Flux given by [83]. The Confidence Level curves for the Default Flux [76] are also shown
for comparison.
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Figure 5.16: Δ𝜒2 versus Γ32, minimizing over Γ21, comparing the results between the Default




Conclusions and Future Perspectives
In this thesis we studied phenomenologically how including a coupling between the neutrino
system and the environment affects the neutrino oscillation probabilities in the context of three
neutrino families and considering oscillations in matter, showing how the decoherence effect can
emerge from this coupling, and then studying the potential of neutrino experiments to bound
the decoherence parameters.
In Chapter 2 we presented the formalism used throughout the entire thesis, in which we use
the density operator to study the time evolution of the subsystem of interest. We showed the
assumptions needed to get the Lindblad Master Equation and how we can apply it to the cases
of two and three neutrino families.
The equations for the neutrino probabilities were derived in Chapter 3, where initially we
considered how to get the usual survival probabilities (without decoherence) in two families in
order to exemplify the use of the density matrix formalism. We then showed how the decoher-
ence and relaxation effects arise in the two family scenario when we include the coupling between
the neutrino subsystem and the environment. The complete form of neutrino oscillations with
decoherence in matter for three neutrino families is also derived, followed by an analysis of how
the decoherence parameters affect the oscillation probabilities, and finally we show how this
probability can be written is a simpler form for the baseline and energies considered for the
KamLAND experiment.
In Chapter 4 we presented the experiments KamLAND and DUNE, and also information
about the numerical programs used for the analyses made in Chapter 5. A 𝜒2 analysis pro-
gram was used to analyse data from KamLAND. To study the potential of DUNE to bound
decoherence we used the GLoBES package, and its main features were also described.
Chapter 5 was devoted to present our results. We initially presented in Section 5.1 the limits
for the decoherence parameter 𝛾, found in our work [26] where we used data from KamLAND
[66] and considered the oscillation probability with decoherence defined by Eq. (3.4.43). The
limits found for the decoherence parameter 𝛾 are given in Table (5.2): assuming an energy
dependence of the type 𝛾 = 𝛾0 (𝐸/𝐸0)𝑛, at a 95 % C.L., the limits found are 3.7 × 10−24 GeV
for 𝑛 = −1, 6.8×10−22 GeV for 𝑛 = 0, and 1.5×10−19 GeV for 𝑛 = 1 on the energy dependence
taking 𝐸0 = 1 GeV.
We then proceed to the results from our work [28]. In Section 5.2.3 we presented the
results for the sensitivity analysis using the flux configuration from Ref. [76]. In 90% C. L.
the sensitivity results for the parameters given in Table 5.5 are: Γ21 ≤ 1.2 × 10−23 GeV and
Γ32 ≤ 4.7 × 10−24 GeV, and for 3𝜎 C.L. the results are: Γ21 ≤ 2.1 × 10−23 GeVand Γ32 ≤
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8.0 × 10−24 GeV.
As we can see, the sensitivity results on Γ21 are potentially more stringent at DUNE, when
compared with the KamLAND experiment, by two orders of magnitude. On the other hand,
DUNE in its default configuration has a reduced sensitivity for 𝜈𝑒, suggesting that the sensitivity
for Γ21 comes in most part from the 𝜈𝑒 channel. Therefore, one might think that Γ21 for 𝜈𝑒 and
𝜈𝑒 has some chance to be different. This is the exact scenario for a CPT-like violation such as
was proposed in Ref [29] and a new investigation regarding such issue is a possible extension of
this work.
Finally, in Section 5.2.4 we showed how changing to a HE flux configuration DUNE can
significantly improve the sensitivity to the Γ32 parameter, potentially pinning down the peak
thanks to the use of spectral information, which is the most compelling feature of decoherence
at DUNE. The sensitivity regions for such analysis (presented in Table 5.6) are, for 90% C.L.:
Γ32 ≤ 7.7×10−25 GeV, and for 3𝜎 C.L. Γ32 ≤ 1.4×10−24 GeV. A summary of all the sensitivity
results obtained is given in Table 6.1:
KamLAND 𝑛 = −1 𝑛 = 0 𝑛 = 1
Γ21 95% C. L. 3.7 × 10−24GeV 6.8 × 10−22GeV 1.5 × 10−19GeV
DUNE Default Flux n=0
Γ2190% C.L (3𝜎 C.L) 1.2 × 10−23 GeV (2.1 × 10−23 GeV)
Γ32 90% C.L (3𝜎 C.L) 4.7 × 10−24 GeV (8.0 × 10−24 GeV)
DUNE HE Flux n=0
Γ32 90% C.L (3𝜎 C.L) 7.7 × 10−25 GeV (1.4 × 10−24 GeV)
Table 6.1: Summary of all the limits (in the case of KamLAND) and sensitivity results (in the
case of DUNE and its two flux configurations) for the three decoherence parameters.
We believe that this thesis can contribute to the conceptual and quantitative understand-
ing of the quantum decoherence effects over neutrino oscillations, knowing that the studies
presented here can still be expanded. Possible successions for this work include repeating the
analysis for the case of IH and considering a dependence of these parameters with energy (re-
membering that here we assumed that the decoherence parameters were constant), we can also
investigate whether the decoherence parameters could be different for neutrinos and antineu-
trinos, in the spirit of what is done by Ref. [29], and we can look for other contexts where
destructive interference effects similar to the one presented in Fig. 5.6 are also important.
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Appendix A
Decoherence in matter and positivity
The authors of Ref. [38] claim that decoherence cannot be defined in the effective mass basis,
and that (apart from very specific cases) the forms of the dissipative matrices in vacuum and
in matter cannot be the same. In this appendix we comment that, under certain conditions,
decoherence can be defined as arising from the same matrices in both contexts, such that
it preserves a physical interpretation where the decoherence effect acts only on the quantum
interference terms, such as was discussed in this work and also in Refs. [26,34].
The dissipator in Eq. (3.4.10) is obtained when it is imposed that
[𝐻𝑆, 𝑉𝑘] = 0, (A.0.1)
where 𝐻𝑆 is the Hamiltonian of the subsystem.
Since the subsystem is different when one considers neutrinos in vacuum or in matter, if
𝑉𝑘 has the same form in both basis, then Eq. A.0.1 is not satisfied at the same time in such
cases. This is exactly what happens in Refs. [24, 38]. As it is shown in [34], this implies that
the decoherence effect and the so called relaxation effect cannot be fully separated. In fact,
as argued in Refs. [26, 34], the work in [24] finds constraints for the relaxation effect, or for
decoherence in a model dependent approach. It is important to point out that decoherence
is an effect which acts only on the quantum interference terms of the oscillation probabilities,
while relaxation acts only on the constant terms, allowing flavor convertion even without mixing
between the neutrino families.









In order to assure that the condition Eq. (A.0.1) is satisfied for neutrinos propagating in
both vacuum and in constant density matter, the operators 𝑉𝑘 must transform when there is a
change of basis such that they remain in the form given by Eq. (A.0.2) in both basis. Therefore
𝑉𝑘 (the 𝑉𝑘 operator in matter) must be such that:








where 𝑈𝑇 = 𝑈 †𝑈𝑀 , and 𝑈𝑀 is the rotation matrix between the flavor basis and the effective
mass basis.
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cos 𝛿𝜃 − sin 𝛿𝜃
− sin 𝛿𝜃 − cos 𝛿𝜃
)︃
, (A.0.4)
with 𝛿𝜃 = 2(𝜃 − 𝜃), such that 𝜃 is the effective mixing angle in matter.









since in vacuum 𝛿𝜃 = 0.
When 𝑉𝑘 transform as Eq. (A.0.4) the condition (A.0.1) is satisfied also for neutrinos in
matter, and the dissipator in Eq. (3.4.10) (where we only consider decoherence, not relaxation)
is valid for neutrinos propagating in both vacuum and in matter. Since the form is the same, the
conditions for positivity are also the same for both cases, which assures that when Eqs. (3.4.11)-
(3.4.13) are obeyed the physical meaning of the probabilities are guaranteed for oscillation both
in vacuum and in matter. It is also important to point out that, different from what is assumed
by Ref. [38], in this work decoherence is assumed to be dependent on the matter density, as
can be seen from Eq. (A.0.4). More details of this discussion can be found in Ref. [34] for the
case of two neutrinos.
It is worth to notice that, even though the calculations presented in Ref. [34] were made
for the case of two neutrinos, the discussion of the concepts involved is very general, and its
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In the framework of Open Quantum Systems we analyze data from KamLAND by using a model
that considers neutrino oscillation in a three-family approximation with the inclusion of the deco-
herence effect. Using a χ2 test we find new limits for the decoherence parameter which we call
γ, considering the most recent data by KamLAND. Assuming an energy dependence of the type
γ = γ0 (E/E0)
n, in 95 % C.L. the limits found are 3.7× 10−24GeV for n = −1, 6.8× 10−22GeV for
n = 0, and 1.5× 10−19GeV for n = 1 on the energy dependence.
PACS numbers: 14.60.Pq, 03.65.Yz
I. INTRODUCTION
In general, the study of vacuum neutrino oscillations
is made in the framework of usual Quantum Mechanics,
which considers the neutrino system as isolated. In this
work we will do a different kind of analysis, in the frame-
work of Open Quantum Systems, considering that the
neutrinos, which will be our subsystem of interest, have
a coupling with the enviroment.
The theory of Open Quantum Systems was created
to deal with the case in which the system of interest is
not considered isolated [1–3]. Instead, it has a coupling
with the enviroment, and such coupling has important
consequences on its evolution.
As we will see, the coupling with the enviroment will
act changing the superposition of states, eliminating the
coherence, similarly to what we have when a measure-
ment is made in a quantum system, and generating a
decoherence efffect. We can find in the literature studies
of the decoherence effect applied to neutrino oscillations
[4–7].
Using this different approach to study neutrino oscilla-
tions we see that different forms of the survival probabil-
ity are obtained [4]. The goal of this work is to test one of
these forms using data from the KamLAND experiment.
KamLAND [8–12] is a Long Baseline experiment, lo-
cated at the Kamioka mine, Gifu, Japan, and detects
electron antineutrinos which come from nuclear reactors
being at an average distance of ∼ 180km from the detec-
tor. It was constructed to test the so called Large Mixing
Angle (LMA) solution to the solar neutrino problem, and
its results were found to have a striking agreement with
solar neutrino results [12].
The goal of this work is to obtain new limits for the pa-





most recent KamLAND data. We will also stress its rele-
vance and the difference between the results found in this
work from others such as the one from [7]. In Section I
we review the Theory of Open Quantum Systems, and we
show how it can be used to study neutrino oscillations.
We present how the decoherence effect arises, generat-
ing a different form of the survival probability, which is
tested using a χ2 test. The simulation results and the
limits of the parameters are presented in Section II. We
present our conclusions in Section III.
II. FORMALISM
In this section we will introduce the formalism used
to obtain probabilities with dissipation effects from the
Lindblad Master Equation. In this formalism the neu-
trinos are treated as an open quantum system and it in-
teracts with the quantum environment. We assume that
the quantum environment works as a reservoir. These
two quantum states compose the global system, and from
the interaction between neutrinos and environment arise
the dissipation effects [1, 2]. In Open Quantum System
theory it is possible to show that if the interaction be-
tween the subsystem of interest, which are the neutrinos
in this case, and the reservoir is weak, the dynamic can
be obtained by the Lindblad Master Equation [1, 2]. A
reviewof the fundamentals of quantum open system the-
ory can be found in the following Refs. [1, 2].



















where N is the dimension of the Hilbert space of the
subsystem of interest and Vk describes the interaction
2
between the subsystem of interest and the environment.
In this equation we see a term which is equal to the one
we have in the Liouville Equation, but we also have the
term D[ρ(t)] which appears because we are dealing with
an open system, different from what we have in usual
Quantum Mechanics, where the system is considered iso-
lated. D[ρ(t)] must satisfy some mathematical constraint
and then, it can be phenomenologically parameterized.
We will impose on this equation that the entropy in-
creases with time, in order that D[ρ(t)] evolves a pure
state asymptotically to a state of maximal mixing. Us-
ing the Von Neumann entropy it is possible to show that
this condition leads to restrictions on the operator Vk, in
particular we see that it must be Hermitian [15].
The Lindblad Equation in (1) can be expanded in the
basis of SU(3) matrices, since the three neutrino families
are considered in this work. In this form, each operator
in Eq. (1) can be expanded as O = aµλµ, where λ are
the Gell-Mann matrices. Then, the evolution equation in
Eq. (1) can be written as
d
dx
ρk(x) = 2ǫijkHiρj(x) +Dklρl(x) , (3)
and the probability conservation leads toDµ0 = D0ν = 0.
It is important to note that the ρ̇0(t) = 0 and its so-
lution is given by ρ0(t) = 1/N , where N is the number
of families. For simplicity, we do not include this compo-
nent in the equation above.
There are many parameters in the dissipator matrix
Dkl. However, it is possible to reduce the number of these
parameters considerably if we impose some physical and
mathematical constraints.
In order to obtain a dissipator matrix Dkl with param-
eters that describe well known effects, we can impose first
that [H,Vk] = 0. From the physical point of view, this
commutation relation implies energy conservation in the
neutrino subsystem and also this constraint includes the
decoherence effect in the evolution. This effect eliminates
the quantum coherence, and the oscillation probability is
changed by damping terms that are multiplied by os-
cillation terms. In this condition, the Dkl assumes the
following form
Dkl = −diag{γ21, γ21, 0, γ31, γ31, γ32, γ32, 0} , (4)
where each γij can describe the decoherence effect be-
tween the families i and j [5].
Once the neutrinos are free to interact with the reser-
voir the energy in the neutrino sector can fluctuate, and
hence the energy conservation constraint may not be sat-
isfied. We can relax this constraint adding other two new
parameters in D, D33 and D88, such that the dissipator
in Eq. (4) becomes
Dkl = −diag{γ21, γ21, γ33, γ31, γ31, γ32, γ32, γ88} (5)
where again γij can describe the decoherence effect be-
tween the families i and j, while γ33 and γ88 describe the
so called relaxation effect.
The relaxation effect is a phenomenon that dynam-
ically leads the states to their maximal mixing state.
This phenomenon appears in the oscillation probabili-
ties through the damping term multiplied by terms that
depend only on mixing parameters. Then, when the re-
laxation effect is taken into account the probabilities tend
asymptotically to 1/N , where N is the number of families
initially considered.
In general, if a particular density matrix represents an
initial physical state, the density matrix evolved by Eq.
(1) may not be a well-defined quantum state. Complete
positivity is a constraint on Dkl which always keeps the
evolution made by Eq. (1) as being physical [2, 16]. From
complete positivity the Dkl needs to be a positive matrix
and this is satisfied if the diagonal elements of Dkl are
larger than the off-diagonal elements. So, we are going
to consider the dissipator matrix obtained in Eq. (5) to
evolve the neutrinos according to the complete positivity,
which corresponds to the most effective dissipator that
we can obtain. Any other off-diagonal element can be
represented in function of the main diagonal elements,
since the γ33 and γ88 parameters are non-null.
























(δ cos 2θ12 −A cos2 θ13)2 + δ2 sin2 2θ12
) 1
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(2m23 −m22 −m21 +A sin2 θ13) . (8)
The relation between the flavor state and the effective








where the ρα is the flavor state and ρm̃ is the effective
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and the effective mixing angle has the usual form
sin2 2θ̃12 =
δ2 sin2 2θ
(δ cos 2θ12 −A cos2 θ13)2 + δ2 sin2 2θ12
.
(11)
We have defined a diagonal form to the Hamiltonian
in Eq. (6). Hence, the dissipators in Eq. (4) and Eq. (5)
remain diagonal as well.
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where ρij(0) are elements of the initial state obtained
from Eq. (10) and ∆̃ij = γij + i(m̃
2
i − m̃2j)/2E. While




























e−γ88x(1 − 3 cos 2θ13) . (13)
These damping terms in the diagonal elements describe
the relaxation effect through the parameters γ33 and γ88.
Besides that, they depend on the mixing parameters θ12
and θ13 and the distance between the source and the de-
tection point. The main diagonal in state (12) can be
interpreted as the probabilities to find m̃1, m̃2 or m̃3 of
the observable H in Eq. (6). In usual quantum mechan-
ics, these elements do not change within an adiabatic
propagation. So, analysing the state in (12) we can see
how the relaxation effect act on the probabilities.
The state in (12) shows how the relaxation effect de-
pends on the propagation distance. Considering MSW
solution for solar neutrinos, which produce a specific re-
lation between mass eigenstates in the final neutrino flux,
we expect that the relaxation effects are strongly con-
strained. We will present this analysis somewhere else,
but the Sun-Earth distance is of the order of 1017 eV−1
and a rough limit for both relaxation parameters is 10−18
eV, in order to have exp[−γiix] ∼ 1. Thus, the analysis
of reactor neutrinos can disregard the relaxation effect
because the larger baseline to this source is much smaller
than Sun-Earth distance.
The off-diagonal elements are known as coherence ele-
ments. In state (12), these elements tend to zero during
the propagation due to the damping terms. This is the
exact definition of the decoherence effect. But, in the
solar neutrino context, these elements are averaged out,
and any decoherence effect information is lost if we con-
sider a model-independent approach [17]. Besides, since
|∆m213| ∼ |∆m223| ≫ |∆m212|, experiments such as Kam-
LAND, that are tuned to test ∆m212, are not sensible to
the coherence elements ρi3. These elements dependends
on ∆̃i3x with i 6= 3, which oscillate very fast, and hence
are avereged out.
So, disregarding the fast-oscillating terms and the re-














and using the Eq. (10) to write the state above in the
flavor basis, the survival probability can be obtained by
taking
Pνα→να = Tr[ρα(0)ρα(t)] (15)
where the initial state for ν̄e is ρα(0) = diag{1, 0, 0}. So,
the survival probability is given by [11]:





where P̃ 2ννα→να is written












that is the same probability obtained in two-neutrino ap-
proximation when the decoherence effect is taken into
account [17].
It is important to explain the difference between the
analysis made in this work and the one made in [7], where
they use a different set of data from KamLAND (older
than the one considered here), but also consider data
from solar neutrinos.
The first difference is that we are dealing with three
neutrino families. Moreover, as shown in [4] and men-
tioned before, there are cases in which, besides the deco-
herence effect, other effects arise from the coupling with
the enviroment, such as the so called relaxation effect
[4]. Since in our case, as previously shown, decoherence
is the only relevant effect in the interaction with the en-
viroment, including solar neutrinos in the analysis would
not bring any new information regarding the decoherence
parameter. Solar neutrinos cannot be used to bound de-
coherence, because the fast oscillating terms in ∆̃ijx av-
erage out all the coherence terms [17, 18]. Therefore, the
effect studied here is different from the one studied in [7].
According to [17], the limits found in [7] are combined
limits on relaxation and decoherence effects in a model-
dependent approach. We use a model-independent ap-
proach in this paper to analyze the KamLAND data.
III. RESULTS
We used the set of data presented in [11], where the
data is presented in 20 energy bins. For this set of data,
we tested the usual oscillation scenario, and found for the
best fit point: χ2min = 22.96, ∆m
2
12 = 8.05 × 10−5eV 2,
tan2(θ12) = 0.40. We can see that χ
2

















FIG. 1. Confidence Level curves for n = 0. The curves corre-
spond to 68.27%, 90%, 95%, 99% and 99.73% C.L.
number of degrees of freedom, indicating a good agree-
ment with the experimental data.
We considered now the oscillation probability in Eq.
(17) with the three family approximation (Eq. 21), and
the three free parameters ∆m212, tan
2(θ12) and γ, also







with E0 = 1GeV , such as the one done by [7]. We did this
test for n = 0, n = 1 and n = −1. We also considered the
best-fit value for θ13 given by [19], sin
2(2θ13) = 9.3×10−2
.
The best-fit results for these scenarios can be seen in
Table I, for the three values of n, where again we see
that the value of χ2min is close to the number of degrees
of freedom.
We can also see that including the third parameter γ
slightly improves the fit in comparison with the scenario
where γ = 0, with a decrease in the value of χ2min.
We present confidence level curves for n = 0 in the
energy dependence, which can be seen in Figs. 1, 2 and
3, and in accordance to [19] we chose the values of ∆χ2 to
get confidence levels of 68.27%, 90%, 95%, 99%, 99.73%
C.L.
For n = 1 in the energy dependence, the confidence
level curves obtained are given in Figs. 4, 5 and 6, and
for n = −1 in the energy dependence, the confidence level
curves obtained are given in Figs. 7, 8 and 9:
We can see from Figs. 1 to 9 that the decoherence effect
does not alter the value of the best fit point for ∆m2,
which is consistent with our previous analysis, since the
damping term depending on γ acts only on the amplitude
of the survival probability.
From the confidence level curves of Figs. 1 to 9, we
can obtain limits for the oscillation parameters and for
γ0, the decoherence parameter. For 95% C. L. the upper














FIG. 2. Confidence Level curves for n = 0. The curves corre-
spond to 68.27%, 90%, 95%, 99% and 99.73% C.L.












FIG. 3. Confidence Level curves for n = 0. The curves corre-
spond to 68.27%, 90%, 95%, 99% and 99.73% C.L.
In order to visualize the effect of the inclusion of deco-
herence in our study of neutrino oscillations, we can re-
produce an important graph originally presented by the
KamLAND Collaboration.
Following the same procedure used by KamLAND we
used our results to make Fig. 10, which is the result of
merging the original graph [11] and the graph we made
for oscillation with decoherence.
In Fig. 10 we can see that the fit of the data made from
our model of oscillation with decoherence is a good fit of
the data, showing a visual confirmation of the analysis
provided by the χ2 Test.
We see that the inclusion of decoherence causes a
damping on the oscillation pattern, as we already ex-
pected from our theoretical predictions. We can also see
that this damping is not too strong for the values of the
decoherence parameter best fit points.
5
n = 0 n = 1 n = −1
χ2min 21.44 21.92 21.03
∆m2 8.05 × 10−5eV 2 8.05 × 10−5eV 2 8.05× 10−5eV 2
tan2(θ) 0.44 0.42 0.47
γ0 2.37 × 10
−22GeV 4.14 × 10−20GeV 1.17× 10−24GeV
















FIG. 4. Confidence Level curves for n = 1. The curves corre-
















FIG. 5. Confidence Level curves for n = 1. The curves corre-
spond to 68.27%, 90%, 95%, 99% and 99.73% C.L.
IV. CONCLUSION
In this work, we treated the appearence of the decoher-
ence effect on neutrino oscillations in a phenomenological
approach, studying first Open Quantum Systems in gen-
eral, and then aplying the results to the case of neutrino
oscillation in three families. We analysed the constrains
in the model parameters coming from a fit to KamLAND
data.














FIG. 6. Confidence Level curves for n = 1. The curves corre-















FIG. 7. Confidence Level curves for n = −1. The curves
correspond to 68.27%, 90%, 95%, 99% and 99.73% C.L.
The results were obtained when we considered the most
recent set of KamLAND data, provided by Ref. [11],
where the number of events were presented in 20 bins.
Comparing the value of χ2min with the number of degrees
of freedom, we saw that including the third parameter,
γ, improves the fit of the data. With γ = 0 we obtained
χ2min = 22.96, and for γ as a free parameter (hence 20
experimental points and 3 parameters) we obtained a de-
crease for χ2min of order ∆χ

















FIG. 8. Confidence Level curves for n = −1. The curves
correspond to 68.27%, 90%, 95%, 99% and 99.73% C.L.














FIG. 9. Confidence Level curves for n = −1. The curves
correspond to 68.27%, 90%, 95%, 99% and 99.73% C.L.
sumarized in table I. We also found a best-fit value with
γ 6= 0.
To support the results of our analysis, giving a more
visual way of evaluating the results, we reproduced a
graph originally presented by the KamLAND Collabora-
tion, which showed the survival probability versus L0/E,
which shows clearly the oscillation pattern for the neu-
trinos.
Comparing the original graph with our reproduction,
which mas made using the best-fit values obtained in our
simulation, we saw that our model provided a fit of the
n = −1 3.7× 10−24GeV
n = 0 6.8× 10−22GeV
n = 1 1.5× 10−19GeV
TABLE II. Upper Limits for γ0 in 95% C.L. with n = 0, 1,−1

























FIG. 10. Graph made with data from the simulation of our
model for oscillation with decoherence considering best-fit val-
ues of the three parameters and the three different values for
n in the energy dependence. We also include the KamLAND
data [11]
data which was indeed in agreement with the experiment
uncertainties, as can be seen in Fig. 10.
We also determined new limits for γ0, in 95% C.L..
The limits are presented in Table II, and were determined
based on the confidence level curves made from the most
recent set of Kamland data [11].
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Abstract: In this work we analyze quantum decoherence in neutrino oscillations consider-
ing the open quantum system framework and oscillations through matter for three neutrino
families. Taking DUNE as a case study we performed sensitivity analyses for two neutrino
flux configurations finding limits for the decoherence parameters. We also offer a physical
interpretation for a new peak that arises at the νe appearance probability with decoherence.
The sensitivity limits found for the decoherence parameters are Γ21 ≤ 1.2× 10−23 GeV and
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1 Introduction
Even though the standard three neutrino oscillation paradigm is well established and several
oscillation parameters have been already measured with certain precision [1], the quest for
establishing the violation of the Charge Parity (CP) symmetry in the leptonic sector, the
octant preference or the maximality of the atmospheric mixing angle, and the neutrino mass
ordering is still ongoing. In order to fulfill such goals and also to reach a greater precision
in the measurement of all the neutrino oscillation parameters, future experiments such as
the Deep Underground Neutrino Experiment (DUNE) [2–6] are being developed. DUNE is
a long-baseline neutrino experiment where the neutrinos produced at Fermilab are detected
at the Sanford Underground Research Laboratory, therefore after traveling ∼ 1300 km.
DUNE is designed to study the νµ and νe (and also ν̄µ and ν̄e) oscillations through the
Earth crust’s matter, and it is expected to provide a measurement of the neutrino mass
hierarchy. DUNE is also sensitive to the Dirac phase present in the lepton mixing matrix,
which parameterizes the possibility that neutrinos violate the CP symmetry. In order to
perform this major discoveries and the precise measurement of the atmospheric mixing
angle, DUNE will have to reach a novel control of systematics and very large statistics.
Such features can be used not only to achieve the main goals for the standard oscillation
program, but more importantly, can also be useful to probe new physics effects, such as
decoherence.
There are several works [7–26] showing how decoherence can emerge in models consid-
ering interactions between a neutrino subsystem and an environment in the Open Quantum
– 1 –
System [27] framework, and some of these works present analyses of possible constraints for
the decoherence parameters [10–16]. Nevertheless, there are other experiments which could
be considered and might be suitable to make a full three neutrino family analysis. As will be
shown later on, the decoherence effect arises in the oscillation probabilities through damp-
ing terms depending on the baseline, suggesting that a long baseline experiment such as
DUNE is an excellent candidate to bound all the decoherence parameters for three neutrino
families. Although it is speculated that the quantum decoherence effect could be generated
by quantum gravity [28], in this work we will use a phenomenological approach. We do
not use any microscopical model which describes the source of such effects, and therefore
such hypothesis or other possible origins of decoherence will not be discussed. It is also
important to point out that in this work we will study only the decoherence effects which
arise in the framework of Open Quantum Systems, we will not address decoherence effects
from wave packet separation (see for example Refs. [29, 30]), which are already present
within usual Quantum Mechanics.
This work is organized in the following way. We review how one can study neutrino
oscillations considering a coupling with the environment in the Quantum Open System
framework in Section 2, presenting also the form of the oscillation probabilities with de-
coherence in three families. In Section 3 we offer a physical interpretation of a new peak
that arises in the oscillation probabilities with decoherence. In Section 4 we perform sen-
sitivity analyses and present the sensitivity regions found for the decoherence parameters.
Since the optimized flux configuration at DUNE already covers a broad range of neutrino
energies, DUNE is sensitive to the decoherence parameters. We also consider a high energy
flux configuration to reach the high energy peak induced by decoherence in the appearance
channel, which is the ‘smoking gun’ for decoherence, providing an increasing sensitivity to
the decoherence parameter Γ32.
2 Formalism
When the coupling between the neutrino subsystem and the environment is considered,
















where, H is the subsystem’s Hamiltonian, Vk are the operators responsible for the interac-
tions between the subsystem and the environment, and N is the dimension of the Hilbert
space of the subsystem.














which will be referred from now on as dissipator.
– 2 –
The matrix D is subjected to constraints to assure that the operator ρ(t) have all the
properties of a density operator and that its physical interpretation is correct. In particular
it can be shown that the operator V must be hermitian (Vk = V
†
k ) [33], to ensure that the
system’s entropy increases in time.
In the case of three active neutrinos one can expand the elements on Lindblad equation
in Eq. (2.1) using the SU(3) generators, the Gell-Mann matrices λi, as a basis:
H = Hiλi ; ρ = ρjλj





where the f ijk are structure constants completely antisymmetric in the indices i, j, k.
We assume Dkl as a symmetric matrix and with Dk0 = D0l = 0 in order to have proba-
bility conservation. We will also impose that [H,Vk] = 0, which implies energy conservation
in the neutrino subsystem. Other conditions for D will come from the imposition that it
satisfies the criteria for complete positivity, which must be obeyed by a density operator,
and hence also by the dissipator [7, 34]. For three neutrino families these criteria are de-
scribed in Ref. [20] and references therein. Under such constraints the dissipative matrix
Dkl assumes the following form:
Dkl = −diag{Γ21,Γ21, 0,Γ31,Γ31,Γ32,Γ32, 0}. (2.4)
The decoherence parameters are not independent from each other, and are related by
the following equations [23]:
Γ21 = 2a
2









(a3 − a8)2 ≥ 0; (2.7)
where the ai are obtained from the terms of the expansion of the Vk operators in terms of




Since a density matrix must be positive semi-definite, which means that if λi are its
eigenvalues, then λi ≥ 0 ∀i [35]. Also, from the requirement of complete positivity im-
posed to Eq. (2.2) [7, 34], it is clear that the dissipator in Eq. (2.4) with the conditions
in Eqs. (2.5) – (2.7) satisfies the needed criteria in order to preserve its physical meaning.
In the appendix A we discuss the validity of the dissipator in Eq. (2.4) and the positiv-
ity conditions when one considers decoherence in vacuum or in constant density matter,
highlighting the differences between our approach and the one used in Ref. [26]. In the
– 3 –
following sections we consider Γ21 and Γ32 as the independent parameters, and Γ31 given
by equations (2.5)–(2.7).
Considering DUNE baseline, matter effects have to be taken into account. The complete
Hamiltonian in the flavor basis is then given by:
H =
U









where ∆m2ij ≡ m2i −m2j are the squared mass differences, E is the neutrino energy, Â =√
2GFne is the matter potential with GF the Fermi coupling constant, and ne is the electron
number density. Finally, U is the mixing matrix for three neutrino families, which is given
by:
U =
 c12c13 s12c13 s13e−iδCP−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13
 , (2.10)
and where cij and sij denote cos(θij) and sin(θij), respectively.
The Eq. (2.3) will be solved in the effective mass eigenstate basis, hence we must find




 0 0 00 ∆̃21 0
0 0 ∆̃31
 , (2.11)
where ∆̃ij are the effective squared mass differences of neutrinos in matter.












where ρij(0) are the elements of the density matrix for the initial state.
The oscillation probabilities in this formalism, and for each channel, can be calculated
from:
Pνανα′ = Tr[ρα(0)ρα′(x)] . (2.13)
Using Eq. (2.12) and Eq. (2.13), and after some algebraic manipulation, one obtains:
– 4 –






































where Ũ is the unitary mixing matrix which diagonalizes the Hamiltonian in the presence
of matter effects, in Eq. (2.9). To obtain the corresponding probability for antineutrinos
one must repeat the procedure above changing Â → −Â in Eq. (2.9) and δCP → −δCP in
Eq. (2.10). It is also important to point out that we assumed the decoherence parameters
Γjk as being equal for both neutrinos and antineutrinos, differently from what is done by
Ref. [17] where CPT violation in quantum decoherence is used to fit the LSND oscillation
data without the inclusion of sterile neutrinos.
In the following sections we present results from the implementation of Eq. (2.14) in a
modified version of the GLoBES [36, 37] probability engine, which was also double-checked
by solving numerically the Lindblad Equation in Eq. (2.3). All the results corresponds to
normal neutrino mass ordering.
3 Effects of Decoherence on the Oscillation Probabilities
We consider the four oscillation channels, appearance and disappearance for both neutrino
and antineutrino modes, for benchmark values of the decoherence parameters Γ21,Γ31,Γ32.
For the probability studies, only the DUNE baseline (L = 1300 km) and its energy range
(which extends from hundreds of MeV’s to tenths of GeV’s) are needed. The values of the
standard oscillation parameters used along this work are given in Table 1.
sin2 θ12 sin
2 (2θ13) sin
2 (2θ23) δ ∆m
2
21 (eV2) ∆m231 (eV2)
0.321 0.0841 0.99 −π/2 7.56× 10−5 2.55× 10−3
Table 1: Values for the standard oscillation parameters from Refs. [1, 38, 39].
As we can see in Fig. 1, the decoherence parameters affect the four oscillation channels,
and for the values of the decoherence parameters considered we can see a few different
effects on the oscillation probabilities. In Figs. 1 (c) and (d) there is a small decrease in
the overall oscillation amplitude (more accentuated for the ν̄µ disappearance probability).
In Fig. 1 (d) we can also see a decrease in the ν̄µ for E & 10 GeV. However, the most
striking difference respect to the standard oscillation is the new peak at ∼ 10 GeV in the
νe appearance channel in the presence of decoherence, which provides a clear signature of
new physics. In the next section we will discuss this feature in more details. Although
the peak by itself is not a novelty, and it was somehow studied in previous works (see for
– 5 –
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(d) ν̄µ disappearance
Figure 1: Oscillation probabilities using: Γ21 = 5.1× 10−25 GeV, Γ32 = 8.9× 10−24 GeV
(solid line) and Standard (dashed line). The values of the oscillation parameters were set
according to Table 1, and Γ31 was calculated according to Eqs. (2.5)–(2.7).
instance [23, 25]), here we provide a detailed physical interpretation, and more importantly,
we suggest how this unique feature of decoherence can be probed at DUNE.
3.1 New peak in the νe appearance probability: physical interpretation
A peak at ∼ 10 GeV is present in the νe appearance oscillation channel in the presence
of decoherence. In order to obtain a physical insight of this new feature, let us begin by
analysing the behavior of the eigenvalues of the Hamiltonian (λ) in Eq. (2.9), which can be
seen in Fig. 2.
As we can see in Fig. 2, there is a level crossing between the eigenvalues referred as
2 and 3 at E ∼ 10 GeV, which indicates a resonance at that energy for the parameters
considered.
From the oscillation probabilities with decoherence in Eq. (2.14), the Γjk parameters
appear in the form of e−Γjkx damping factors for the terms:
– 6 –
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Figure 2: Eigenvalues (λi, i=1,2,3) of the Hamiltonian in Eq. (2.9). We can see an





























for j, k = 1, 2, 3 and j > k.
Since Iαα′ is the term of the probability where we have the dependence on the oscil-










, which are responsible for the quantum
interference in the oscillation probabilities, we will refer to it as the interference factor. In
addition, there are terms not affected by the decoherence parameters:








where j, k = 1, 2, 3 and j > k. The term Cαα′ in the case of the νe appearance probability,
and for j = 3 and k = 2, is given by:
Cµe = −2 Re(Ũe3Ũ∗µ3Ũµ2Ũ∗e2), (3.3)
and shown in the left panel of Fig. 3. This term of the νe appearance probability indeed
presents a resonance at E ∼ 10 GeV, which was already suggested by the level crossing in
the eigenvalues for this energy in Fig. 2.
Let us now analyse the effect of e−Γ32x over the νe appearance probability, and in order
to do so, we considered the form of the interference factor in Eq. (3.1) when j = 3, k = 2,
α = µ, α′ = e:
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Figure 3: Left panel: behavior of Cµe for j = 3, k = 2, α = µ, α′ = e given by Eq. (3.3).
Right panel: interference factor Iµe for j = 3, k = 2, α = µ, α′ = e given by Eq. (3.4).






















The form of the interference term, which is subject to the damping factor e−Γ32x, and
as given in Eq. (3.4), is shown in the right panel of Fig. 3. We can see that the term Iµe work
as an interference factor to the oscillation probabilities, in particular, we see that around
E = 10.8 GeV, which is exactly the energy of the resonance, we have a strong destructive
interference. For the standard oscillation probabilities (without decoherence), such destruc-
tive interference would exactly cancel out the resonance at E ∼ 10.8 GeV shown in the left
panel. In fact, considering a constant matter density of 2.96g/cm3 [40, 41], numerically
the maximum of Cµe in Eq. (3.3) is equal to the minimum of Iµe in Eq. (3.4), and both
coincide at E = 10.82 GeV. However, when we have oscillations with decoherence the term
e−Γ32x work as a damping to this interference factor, therefore eliminating the destructive
interference at E ∼ 10 GeV. The elimination of such destructive interference enhances the
νe appearance probability, since now the destructive interference cannot completely cancel
out the resonance, therefore creating the peak shown in Fig. 1 (a). Such a peak constitutes
a very significant effect in the oscillation probabilities in the presence of decoherence, and
being able to reconstruct it will provide a compelling test of decoherence. If DUNE is
compatible with standard oscillations, severe bounds to the decoherence parameters can be
obtained as long as the experiment measure a significant number of events around E ∼ 10
GeV, and therefore spectral information at that energies is very relevant here.
– 8 –
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Figure 4: Relative event rates defined in Eq. (4.1) setting Γ21 = 5.1 × 10−25 GeV, and
Γ32 = 8.9× 10−24 GeV, for the event rates in the presence of decoherence.
4 Results
In this section we present sensitivity analyses considering neutrino oscillations with deco-
herence in matter given by Eq. (2.14). We first show how each oscillation channel is sensible
to decoherence by calculating the event rates, and then we establish DUNE sensitivities to
the decoherence parameters. For the sensitivity analysis we have considered two neutrino
flux configurations, as will be detailed in the following sections, to exploit the main features
of the decoherence effects discussed previously.
In the following estudies, we assume the DUNE configuration as defined in the CDR
document in Ref. [3] and in particular we made use of the GLoBES files from Ref. [42].
Basically, it is assumed DUNE will be running for 3.5 years in each mode (neutrino and
antineutrino), a fiducial mass of the far detector (liquid Argon) of 40 kt, and the default flux
beam power of 1.07MW. The channels considered in each analysis are defined for each flux
configuration. Otherwise stated, the systematical errors, energy resolution, and efficiencies
are fixed to the values in the DUNE CDR estudies.
4.1 Relative events with the DUNE default Flux configuration
For a particular input for the decoherence parameters, the total number of events and the
energy event spectra are calculated for each oscillation channel. We define the relative
Event Rates as δRrel:
δRrel =
R(Γ21 6= 0,Γ31 6= 0,Γ32 6= 0)−R(Γ21 = Γ31 = Γ32 = 0)
R(Γ21 = Γ31 = Γ32 = 0)
, (4.1)
where Γ21 6= 0,Γ31 6= 0,Γ32 6= 0 are chosen in order to satisfy Eqs. (2.5)–(2.7), and R
correspond to the event rates.
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events (Sig.+BG) νe-app ν̄e-app νµ-disapp ν̄µ-disapp
Γij = 0 1777.69 406.025 8206.77 4124.51
Table 2: Total number of events (signal plus background) for each oscillation channel.
Fig. 4 show the relative deviation of the number of νe, ν̄e, νµ, and ν̄µ events in respect
to the standard oscillation case without decoherence. From the νe and ν̄e events, one can
see a low relative deviation (< 3%) at the DUNE flux (default) maximum (∼ 2.5GeV).
The peak at E & 10 GeV in the νe (ν̄e) events is also relatively low, being about ∼ 16%
(∼ 8%), but this is expected because with the default flux events at the high energy end of
the spectrum are much smaller than at the DUNE energy peak. In the case of νµ and ν̄µ
events in Fig. 4 we can notice that at slightly lower energies from the DUNE flux (default)
maximum, a relative deviation of the order of ∼ 19% is obtained in the case of νµ and
∼ 35% for ν̄µ events.
It appears to be that, with the default flux configuration, DUNE is sensitive to deco-
herence, and this sensitivity is obtained from the four oscillation channels. However, due to
the large number of muon neutrino (and antineutrino) events (see Tab. 2), and the relative
deviation in Fig. 4, the main sensitivity comes from νµ and ν̄µ events and some reduced
sensitivity from ν̄e events. To fully exploit the high energy relative deviations that appears
in the νe and ν̄e events in Fig. 4, a high energy flux for DUNE will be considered in the
sensitivity analysis of Section 4.3, and as will be shown, this will substantially improve the
sensitivity for testing decoherence.
4.2 DUNE sensitivity to the decoherence parameters with the default flux
configuration
In this section we present a sensitivity analysis considering the default flux configuration
from Ref. [42]. From the previous sections we could see that with the default flux DUNE
have a good sensitivity to the decoherence parameters Γ21 and Γ32 in a parameter range
which is not yet constrained by other experiments. Later, we present a second analysis
considering a higher energy flux, which will bring a better sensitivity to Γ32, since it is the
parameter which generates the new peak at ∼ 10 GeV for the νe appearance probability.
For the analysis presented in this section we have assumed standard oscillation ‘data’
without decoherence using values in Table 1 and tested the decoherence hypothesis. The
usual χ2 analysis have been performed marginalizing over the standard oscillation param-
eters (except the solar parameters that are kept fixed) adding penalties to the χ2-function
with the following standard deviations: σ(sin2 (2θ13)) = 0.0033, σ(sin2 (2θ23))/ sin2 (2θ23) =
3%, and σ(∆m231)/∆m231 = 3%. The δ parameter have been also minimized over.
Because Γ21,Γ31,Γ32 are not all independent, to perform the χ2 analysis we assumed
two of the three decoherence parameters as independent, and defined the other one as
a dependent parameter, according to Eqs. (2.5), Eq. (2.6) and Eq. (2.7), making then
confidence level curves shown in Fig. 5.
To obtain the sensitivity regions on each individual parameter we perform the min-
imization over each of the two decoherence parameters in each case, as shown in Fig. 6
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Figure 5: Confidence level curves at 90% of C.L. (black dashed curve) and 3σ of C.L
(orange dash-dotted curve) for 2 d.of.. for the two decoherence parameters Γ21 and Γ32,
considering the default flux from Ref. [42].
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(a) ∆χ2 versus Γ32, minimizing over Γ21
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(b) ∆χ2 versus Γ21, minimizing over Γ32
Figure 6: Sensitivity analysis for the Default Flux given by [42]. The horizontal lines
define 90% C.L. and 3σ C.L. for 1 d.o.f.
(a) for ∆χ2 versus Γ32 and (b) for ∆χ2 versus Γ21. From the ∆χ2 profiles we obtained
sensitivity limits compiled in Table 3, which allow us to see that DUNE has the potential to
provide a more stringent limit to Γ21 than the one given by KamLAND in Ref. [15], where
the limit for Γ21 in 95% C.L. is 6.8× 10−22 GeV.
In the following section we discuss how a high energy neutrino flux, different from the
one given by Ref. [42], can considerably improve the sensitivity to Γ32 providing a more
suitable configuration to test decoherence at DUNE.
– 11 –
Parameter 90% C.L 3σ C.L
Γ21 ≤ 1.2× 10−23 GeV 2.1× 10−23 GeV
Γ32 ≤ 4.7× 10−24 GeV 8.0× 10−24 GeV
Table 3: Sensitivity regions for the decoherence parameters from the χ2 analysis consid-
ering the default flux configuration [42], as shown in Fig. 6 (a) and 6 (b) for 1 d.o.f.
Parameter 90% C.L 3σ C.L
Γ32 ≤ 7.7× 10−25 GeV 1.4× 10−24 GeV
Table 4: Sensitivities to the decoherence parameters from the χ2 analysis considering the
HE flux configuration [43] shown in Fig. 9 for 1 d.o.f.
4.3 Sensitivity analysis for Γ32 with a high energy flux configuration
From the discussion at the event level in section 4.1 it is clear that in order to be sensitive to
the peak around 10 GeV in the νe appearance channel at DUNE, it is necessary to consider
a different flux configuration. Having reached this conclusion, we decided to perform a
second sensitivity analysis, but this time considering the High Energy (HE) neutrino flux
proposed in Ref. [43].
For the sensitivity analysis using the HE flux we excluded the beam contamination
from νe and νe, since we do not have access to this information. Then, we repeated the
same procedure of the previous sections, first presenting in Fig. 7 the relative deviation of
the number of νe events respect to the standard oscillation case without decoherence and
finally the sensitivity results. As already expected, with the HE flux configuration the peak
at in the νe rises to ∼ 45%, which suggests that this channel with such flux configuration
can bring an increased sensitivity to the Γ32 parameter. We showed in Section 3, that is
the Γ32 parameter that mostly generates this new peak. Following the same procedure of
the previous section we performed another sensitivity analysis, and the results are given in
Fig. 8 and Fig. 9.
From Fig. 9 we obtained the sensitivity regions compiled in Table 4, where we present
only the limits for Γ32, since the analysis presented in section 4.2 already brings the best
sensitivity to Γ21. Sensitivity to Γ32 given in Table 4 is enhanced respect to the one found
in Section 4.2, since the HE flux from [43] is much more suitable to pin down the new peak
at E ∼ 10.8 GeV in the νe appearance probability than the default flux [42]. Such result
could only be achieved from the use of the spectral information at high energies.
5 Conclusion
In this work we found sensitivity regions for the decoherence parameters that affect neutrino
oscillations in three families considering two possible flux configurations for DUNE.
In Section 3 we showed how the new peak at the νe appearance probability can be seen
as an elimination of a destructive interference, generating then an increase in the transition
to νe. In Section 4 we showed how the decoherence parameters can be better analyzed by
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Figure 7: Relative deviations respect to the νe appearance events without decoherence
(Γ32 = 0) for the HE flux from [43]. For the event rates with decoherence we considered
Γ21 = 5.1 × 10−25 GeV, Γ31 = 3.0 × 10−25 GeV, Γ32 = 1.6 × 10−24 GeV (red curve). We
also present the relative deviations for the νe appearance events considering the default flux
from Ref. [42] for comparison (dashed black curve).













Γ3 2 ( 1 0 - 2 5 G e V )
Figure 8: Γ32 versus Γ21 confidence level curves for 90% of C.L. (dot-dashed magenta
curve) and 3σ of C.L. (dashed blue curve) considering the HE Flux given by [43]. The
confidence level curves for the default flux from Ref. [42] are also shown for comparison.
considering different oscillation channels and also different flux configurations, the default
flux from Ref. [42] and the HE flux from Ref. [43].
In Section 4.2 we presented the results for the sensitivity analysis using the flux con-
figuration from Ref. [42]. In 90% C. L. the sensitivity limits for the parameters given in
Table 3 are: Γ21 ≤ 1.2× 10−23 GeV and Γ32 ≤ 4.7× 10−24 GeV, and for 3σ C.L. the limits
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9 0 %  C . L .
3 σ  C . L .
Figure 9: ∆χ2 versus Γ32, minimizing over Γ21, comparing the results with the default flux
(dashed blue curve) respect to the ones with the HE flux [43] (red curve). The horizontal
lines define 90% C.L. and 3σ C.L.
are: Γ21 ≤ 2.1× 10−23 GeVand Γ32 ≤ 8.0× 10−24 GeV.
As we can see, the limits on Γ21 are potentially more stringent at DUNE, when com-
pared with the KamLAND experiment, by two orders of magnitude. On the other hand,
DUNE in its default configuration has a reduced sensitivity for ν̄e, suggesting that the limit
for Γ21 comes in most part from the νe channel. Therefore, one might think that Γ21 for
νe and ν̄e has some chance to be different. This is the exact scenario for a CPT-like viola-
tion such as was proposed in Ref [17] and a new investigation regarding such issue will be
presented somewhere else.
Finally, in Section 4.3 we showed how changing to a HE flux configuration DUNE
can significantly improve the sensitivity to the Γ32 parameter, potentially pinning down
the peak thanks to the use of spectral information at higher energies. This peak is the
most compelling feature of decoherence at DUNE. The sensitivity regions for such analysis
(presented in Table 4) are, for 90% C.L.: Γ32 ≤ 7.7 × 10−25 GeV, and for 3σ C.L. Γ32 ≤
1.4× 10−24 GeV.
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A Decoherence in matter and positivity
The authors of Ref. [26] claim that decoherence cannot be defined in the effective mass
basis, and that (apart from very specific cases) the forms of the dissipative matrices in
vacuum and in matter cannot be the same. In this appendix we comment that, under
certain conditions, decoherence can be defined as arising from the same matrices in both
contexts, such that it preserves a physical interpretation where the decoherence effect acts
only on the quantum interference terms, such as was discussed in this paper and also in
Refs. [15, 22].
The dissipator in Eq. (2.4) is obtained when it is imposed that
[HS , Vk] = 0, (A.1)
where HS is the Hamiltonian of the subsystem.
Since the subsystem is different when one considers neutrinos in vacuum or in matter,
if Vk has the same form in both basis, then Eq. A.1 is not satisfied at the same time
in such cases. This is exactly what happens in Refs. [13, 26]. As it is shown in [22],
this implies that the decoherence effect and the so called relaxation effect cannot be fully
separated. In fact, as argued in Refs. [15, 22], the work in [13] finds constraints for the
relaxation effect, or for decoherence in a model dependent approach. It is important to
point out that decoherence is an effect which acts only on the quantum interference terms
of the oscillation probabilities, while relaxation acts only on the constant terms, which allow
flavour conversion even without mixing between the neutrino families.





cos δθ − sin δθ
− sin δθ − cos δθ
)
, (A.2)
with δθ = 2(θ̃ − θ), such that θ̃ is the effective mixing angle in matter, leaves eq.(A.1)
unchanged for any matter density.









since in vacuum δθ = 0.
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To assure that the condition Eq. (A.1) is satisfied for neutrinos propagating in both
vacuum and in constant density matter, it is shown in Ref. [22] that the operators Vk must











where UT = U †UM , and UM is the rotation matrix between the flavor basis and the effective
mass basis, and as we can see, it is equal to Eq. (A.3).
When Vk transform as Eq. (A.4) the dissipator in Eq. (2.4) (where we only consider
decoherence, not relaxation) is valid for neutrinos propagating in both vacuum and in
matter. Since the form is the same, the conditions for positivity are also the same for
both cases, which assures that when Eqs. (2.5) – (2.7) are obeyed the physical meaning
of the probabilities are guaranteed for oscillation both in vacuum and in matter. It is
also important to point out that, different from what is assumed by Ref. [26], in this
work decoherence is assumed to be dependent on the matter density, as can be seen from
Eq. (A.2). More details of this discussion can be found in Ref. [22] for the case of two
neutrinos.
It is worth to notice that, even though the calculations presented in Ref. [22] were done
for the two neutrino case, the discussion of the concepts involved is very general, and its
conclusions can be extended to the three neutrino case.
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